The Influence of Branching Agent Concentration and Geometry on the Non-Isothermal Crystallization Behavior of Branched Poly(ethylene terephthalate) by Krohe, Christopher William August
Lehigh University
Lehigh Preserve
Theses and Dissertations
2016
The Influence of Branching Agent Concentration
and Geometry on the Non-Isothermal
Crystallization Behavior of Branched Poly(ethylene
terephthalate)
Christopher William August Krohe
Lehigh University
Follow this and additional works at: http://preserve.lehigh.edu/etd
Part of the Polymer Science Commons
This Thesis is brought to you for free and open access by Lehigh Preserve. It has been accepted for inclusion in Theses and Dissertations by an
authorized administrator of Lehigh Preserve. For more information, please contact preserve@lehigh.edu.
Recommended Citation
Krohe, Christopher William August, "The Influence of Branching Agent Concentration and Geometry on the Non-Isothermal
Crystallization Behavior of Branched Poly(ethylene terephthalate)" (2016). Theses and Dissertations. 2673.
http://preserve.lehigh.edu/etd/2673
  
 
 
 
 
 
The Influence of Branching Agent Concentration and Geometry on the Non-Isothermal 
Crystallization Behavior of Branched Poly(ethylene terephthalate) 
 
by 
 
Christopher W.A. Krohe 
 
 
 
 
 
 
 
 
 
A Thesis 
Presented to the Graduate and Research Committee 
of Lehigh University 
In Candidacy for the Degree of 
Master of Science 
 
In 
 
Polymer Science and Engineering 
 
 
Lehigh University 
 
December 2016 
 
ii 
 
CERTIFICATE OF APPROVAL 
This thesis is accepted and approved in partial fulfillment of the requirements for 
the Master of Science in Polymer Science and Engineering.  
 
 
 
 
 
________________________  
Date  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
________________________  
Thesis Advisor  
Raymond A. Pearson  
 
 
 
________________________  
Chairperson of Department  
Wojciech Z. Misiolek 
  
iii 
 
ACKNOWLEDGMENTS 
 
I would like to extend my gratitude and thanks to all of those who supported and 
assisted with this study.  I would like to thank 3M for providing the funding, the materials 
and the equipment necessary to complete this research thesis.  I would like to thank my 
managers and coworkers at 3M who provided their support and encouragement while 
pursuing my graduate degree.  I want to specifically thank Michele Barnes, Rick Rolando, 
Kyle Starkey, Robyn Tan, and David Okamoto.  Michele, Rick, Kyle, and Robyn saw the 
value in obtaining a graduate degree and were able to provide support for me while I was 
working on obtaining my degree part-time.  I want to especially thank David.  Countless 
times I have gone to David for his support and help regarding this research thesis and I am 
forever grateful for his support.  David exemplifies what it is to be selfless and I can only 
hope and aspire to be like him someday.  Without their support I could not have made it to 
this point. 
I would also like to sincerely thank Dr. Raymond Pearson for all of his support, 
encouragement, guidance, and flexibility over the years.  Dr. Pearson has been very 
accommodating and understanding through the years and without his support and help this 
would not be possible. 
Finally, I would like to extend my utmost thanks and appreciation to my parents, 
Frank and Dorothy.  They have always been there for me when I needed them the most by 
providing endless love, support, encouragement, and advice.  They provided me 
opportunities to succeed and gave me the tools necessary to achieve in life.  Words cannot 
express how truly grateful am I for having them in my life and I just want to say thank you to 
them.    
iv 
 
TABLE OF CONTENTS 
 
Page  
LIST OF TABLES ............................................................................................................. vi 
 
LIST OF FIGURES .......................................................................................................... vii 
 
ABSTRACT ........................................................................................................................ 1 
 
1. INTRODUCTION ....................................................................................................... 3 
1.1  Synthesis of Poly(ethylene terephthalate) ............................................................ 6 
1.1.1  Transesterification......................................................................................... 6 
1.1.2  Direct Esterification ...................................................................................... 8 
1.1.3 Polycondensation .......................................................................................... 9 
1.2 Polymer Crystallization ...................................................................................... 12 
1.2.1 Thermodynamics of Crystallization ............................................................ 12 
1.2.2 Kinetics of Crystallization .......................................................................... 14 
1.2.2.1 Isothermal Crystallization ....................................................................... 15 
1.2.2.2 Non-isothermal Crystallization ............................................................... 17 
1.2.3 Influence of Branching on Poly(ethylene terephthalate) Properties ........... 22 
1.3 Objective ............................................................................................................ 30 
 
2. EXPERIMENTAL APPROACH .............................................................................. 32 
2.1 Materials and Methods ....................................................................................... 32 
2.1.1 Industrial Process A: LPET Formulation and Synthesis............................. 35 
2.1.2 Industrial Process A: BPET Formulation and Synthesis ............................ 37 
2.1.3 Industrial Process B: LPET Formulation and Synthesis ............................. 38 
2.1.4 Industrial Process B: BPET Formulation and Synthesis............................. 39 
2.2 Characterization ................................................................................................. 40 
2.2.1 Differential Scanning Calorimetry .............................................................. 40 
2.2.2 Intrinsic Viscosity ....................................................................................... 41 
2.2.3 Gel Permeation Chromatography ............................................................... 41 
2.2.4 Rheology ..................................................................................................... 42 
 
3. RESULTS AND DISCUSSION ................................................................................ 43 
3.1 Molecular Weight ............................................................................................... 43 
3.2 Rheology ............................................................................................................ 46 
3.3 Thermal Properties ............................................................................................. 51 
3.4 Non-isothermal Crystallization Kinetics ............................................................ 59 
3.4.1 Jeziorny-modified Avrami Model............................................................... 65 
3.4.2 Ozawa Model .............................................................................................. 72 
3.4.3 Mo Model.................................................................................................... 75 
 
4. SUMMARY AND CONCLUSIONS ........................................................................ 81 
 
v 
 
5. RECOMMENDATIONS FOR FUTURE WORK .................................................... 84 
5.1 Degree of Branching .......................................................................................... 84 
5.2  Crystallization Morphologies by Optical Microscopy ....................................... 85 
5.3  Crystal Structure by Scattering .......................................................................... 86 
5.4 Hoffman-Lauritzen Analysis of Non-isothermal Crystallization ....................... 87 
5.5 Mapping the Non-Isothermal Crystallization Behavior of BPET for Industry .. 87 
 
6. REFERENCES .......................................................................................................... 89 
 
VITA ................................................................................................................................. 96 
 
  
vi 
 
LIST OF TABLES 
 
Table 1-1. Values of the Avrami exponent, n, for various types of nucleation and growth 
mechanisms [16, 45]. ........................................................................................................ 16 
Table 1-2. Survey of trifunctional comonomers used as branching agents for modifying 
PET. .................................................................................................................................. 25 
Table 1-3. Survey of tetra- and multifunctional comonomers (n≥4) used as branching 
agents for modifying PET. ................................................................................................ 26 
Table 2-1. Chemical structure and molecular weight of branching agents used in this 
study. ................................................................................................................................. 33 
Table 2-2. Molar formulations of the two PET series produced in industrial processes A 
and B. ................................................................................................................................ 34 
Table 2-3. Formulation of LPET A-1............................................................................... 35 
Table 2-4. Formulation of BPET A-2. ............................................................................. 37 
Table 2-5. Formulation of LPET B-1. .............................................................................. 38 
Table 2-6. Formulation of BPET B-2 to B-9. .................................................................. 39 
Table 3-1.  Intrinsic viscosities ([η]), number average molecular weight (Mn), weight 
average molecular weight (Mw), and polydispersity index (Mw/Mn) of the LPET and 
BPET samples. .................................................................................................................. 44 
Table 3-2. DSC data for the LPET samples (LPET A-1 and LPET B-1) at various cooling 
rates. .................................................................................................................................. 54 
Table 3-3. DSC data for the TMA BPET samples (BPET B-2 to B-5) at various cooling 
rates. .................................................................................................................................. 55 
Table 3-4. DSC data for the TMLA BPET samples (BPET B-6 to B-9) at various cooling 
rates. .................................................................................................................................. 58 
Table 3-5. The values of t1/2 for the LPET and BPET samples at various cooling rates. 64 
Table 3-6. The values of n for the LPET and BPET samples at various cooling rates. ... 70 
Table 3-7. The values of Zc for the LPET and BPET samples at various cooling rates. . 72 
Table 3-8. The values of a for the LPET and BPET samples at various degrees of 
crystallinity. ...................................................................................................................... 80 
Table 3-9. The values of F(T) for the LPET and BPET samples at various degrees of 
crystallinity. ...................................................................................................................... 80 
 
  
vii 
 
LIST OF FIGURES 
 
Figure 1-1. In the transesterification reaction scheme, DMT reacts with EG to form the 
prepolymer, bisHET.  Byproduct methanol is liberated from the reaction via distillation.  
Metal catalysts are required for this reaction route. ............................................................ 7 
Figure 1-2. The metal coordination catalyst (M) reacts with the ethylene glycol (2ROH) 
to form a metal alcoholate during the transesterification process.  The acetic acid is 
removed during the process, thus favoring the formation of the metal alcoholate [34]. .... 7 
Figure 1-3. Example of the electrophilic mechanism for metallic catalysis [35, 36]. ....... 8 
Figure 1-4. In the direct esterification reaction scheme, PTA reacts with EG to form the 
prepolymer, bisHET.  By product water is liberated from the reaction via distillation.  
The direct esterification is catalyzed by protons on the carboxylic end groups; therefore, 
no metal catalysts are required for this reaction route. ....................................................... 9 
Figure 1-5. Complexation of metal coordination catalyst to the carbonyl oxygen to 
activate nucleophilic attack for the propagation of the polymerization reaction [39]. ..... 10 
Figure 1-6. Reaction routes for the polymerization of PET.  Both the transesterification 
and direct esterification routes produce the prepolymer, bisHET.  The bisHET molecules 
react with each other to liberate EG as a byproduct.  A metal polycondensation catalyst is 
required for the polymerization of PET. ........................................................................... 11 
Figure 3-1. Graph of complex viscosity η* versus frequency ω for LPET A-1 and BPET 
A-2 at 280 °C. ................................................................................................................... 46 
Figure 3-2. Graph of complex viscosity η* versus frequency ω for LPET B-1 and BPET 
B-2 to B-9 at 280 °C. ........................................................................................................ 47 
Figure 3-3. Graph of complex viscosity η* versus frequency ω for both series of PET at 
280 °C. .............................................................................................................................. 49 
Figure 3-4. The crystallization exotherms of (a) LPET A-1 and (b) BPET A-2 at various 
cooling rates. ..................................................................................................................... 52 
Figure 3-5. The crystallization exotherms of (a) LPET A-1 and (b) LPET B-1 at various 
cooling rates. ..................................................................................................................... 54 
Figure 3-6. The crystallization exotherms of (a) BPET B-2, (b) BPET B-3, (c) BPET B-
4, and (d) BPET B-5 at various cooling rates. .................................................................. 56 
Figure 3-7. The crystallization exotherms of (a) BPET B-6, (b) BPET B-7, (c) BPET B-
8, and (d) BPET B-9 at various cooling rates. .................................................................. 57 
Figure 3-8. Graphs of Xt versus time for (a) LPET A-1 and (b) LPET B-1 at various 
cooling rates. ..................................................................................................................... 60 
viii 
 
Figure 3-9. Graphs of Xt versus time for (a) BPET B-2, (b) BPET B-3, (c) BPET B-4, 
and (d) BPET B-5 at various cooling rates. ...................................................................... 61 
Figure 3-10. Graphs of Xt versus time for (a) BPET B-6, (b) BPET B-7, (c) BPET B-8, 
and (d) BPET B-9 at various cooling rates. ...................................................................... 62 
Figure 3-11. Graphs of 𝑙𝑜𝑔 − 𝑙𝑛1 − 𝑋𝑡  versus 𝑙𝑜𝑔𝑡 for the non-isothermal 
crystallization of (a) LPET A-1 and (b) LPET B-1 at various cooling rates. ................... 66 
Figure 3-12. Graphs of 𝑙𝑜𝑔 − 𝑙𝑛1 − 𝑋𝑡  versus 𝑙𝑜𝑔𝑡 for the non-isothermal 
crystallization of (a) BPET B-2, (b) BPET B-3, (c) BPET B-4, and (d) BPET B-5 at 
various cooling rates. ........................................................................................................ 67 
Figure 3-13. Graphs of 𝑙𝑜𝑔 − 𝑙𝑛1 − 𝑋𝑡  versus 𝑙𝑜𝑔𝑡 for the non-isothermal 
crystallization of (a) BPET B-6, (b) BPET B-7, (c) BPET B-8, and (d) BPET B-9 at 
various cooling rates. ........................................................................................................ 68 
Figure 3-14. Graphs of 𝑙𝑜𝑔 − 𝑙𝑛1 − 𝑋𝑡 versus 𝑙𝑜𝑔𝛷 for the non-isothermal 
crystallization of (a) LPET A-1 and (b) LPET B-1 at various crystallization temperatures.
........................................................................................................................................... 73 
Figure 3-15. Graphs of 𝑙𝑜𝑔 − 𝑙𝑛1 − 𝑋𝑡 versus 𝑙𝑜𝑔𝛷 for the non-isothermal 
crystallization of (a) BPET B-2, (b) BPET B-3, (c) BPET B-4, and (d) BPET B-5 at 
various crystallization temperatures. ................................................................................ 74 
Figure 3-16. Graphs of 𝑙𝑜𝑔 − 𝑙𝑛1 − 𝑋𝑡 versus 𝑙𝑜𝑔𝛷 for the non-isothermal 
crystallization of (a) BPET B-6, (b) BPET B-7, (c) BPET B-8, and (d) BPET B-9 at 
various crystallization temperatures. ................................................................................ 75 
Figure 3-17. Graphs of 𝑙𝑜𝑔𝛷 versus 𝑙𝑜𝑔𝑡 for the non-isothermal crystallization of (a) 
LPET A-1 and (b) LPET B-1 at various degrees of crystallinity. .................................... 76 
Figure 3-18. Graphs of 𝑙𝑜𝑔𝛷 versus 𝑙𝑜𝑔𝑡 for the non-isothermal crystallization of (a) 
BPET B-2, (b) BPET B-3, (c) BPET B-4, and (d) BPET B-5 at various degrees of 
crystallinity. ...................................................................................................................... 78 
Figure 3-19. Graphs of 𝑙𝑜𝑔𝛷 versus 𝑙𝑜𝑔𝑡 for the non-isothermal crystallization of (a) 
BPET B-6, (b) BPET B-7, (c) BPET B-8, and (d) BPET B-9 at various degrees of 
crystallinity. ...................................................................................................................... 79 
 
 
 
 
 
 
 
 
 
1 
 
ABSTRACT 
 
Poly(ethylene terephthalate) (PET) is a semi-crystalline polymer that has mechanical 
and thermal properties suitable for many applications.  The rate of crystallization in 
manufacturing environments influences the final physical, mechanical, and optical properties 
of PET.  Many industrial PET processes occur under dynamic or non-isothermal 
conditions and in the melt phase.  The final material properties are influenced by the size, 
dimension, and distribution of crystallites and morphology that develop upon cooling 
from the melt.  PET films of varying thickness for optical applications require clarity and 
transparency.  One way achieving clarity and transparency in PET films is to limit or inhibit 
the quiescent crystallization, while not completely eliminating useful strain-induced crystals.  
The crystallization behavior of PET is influenced by many things including molecular 
weight, catalyst remnants, nucleating additives, and the addition of linear and multifunctional 
comonomers (i.e. branching agents).  Branching agents have been reported to inhibit the 
crystallization of PET.  It is of interest to study the effects of branching agents on branched 
PET (BPET). 
In this investigation the influence of branching agent concentration and geometry on 
the non-isothermal crystallization behavior and kinetics of BPET was studied.  To study the 
influence of branching agent concentration and geometry, two structural isomers of 
benzenetricarboxylic acid (n=3) were used at concentrations of 0.10, 0.25, 0.50, and 1.00 
mol% (with respect to purified terephthalic acid).  The branching agents used were 1,3,5-
benzenetricarboxylic acid (trimesic acid, TMA) and 1,2,4-benzenetricarboxylic acid 
(trimellitic acid, TMLA).  TMA and TMLA were used to study the influence of 
branching agent geometry because TMA is planar and TMLA is non-planar.  Two 
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different series of BPET were made to evaluate the influence of catalyst remnants and 
process on the non-isothermal crystallization behavior of BPET.  The Jeziorny-modified 
Avrami model, the Ozawa model, and the Mo model were applied to study the effects of 
the branching agent concentration and geometry on the non-isothermal crystallization 
kinetics of BPET at various cooling rates (5, 10, 20, 50 °C/min). 
The results from the study showed that equivalent amounts of TMA and TMLA 
produced different non-isothermal crystallization results even though the molecular 
weight and catalyst concentration remained approximately constant.  Increasing 
branching agent content did not produce a systematic decrease in the crystallization peak 
temperatures Tc.  The Mo model was successful in characterizing the non-isothermal 
crystallization behavior and kinetics of BPET.  The crystallization rate was inhibited at 
concentration of 0.25 and 0.50 mol% TMA and 0.50 and 1.00 mol% TMLA.  However, 
the crystallization rate was enhanced at 0.10 and 1.00 mol% TMA and 0.10 and 0.25 
mol% TMLA.  It is thought that at small concentrations of the branching agents, 
regardless of geometry, the branching agents act as nucleating agents.  At other branching 
agent concentrations it is thought that the branching agent geometry influenced the non-
isothermal crystallization behavior.  
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1. INTRODUCTION 
 
Poly(ethylene terephthalate) (PET) is a semi-crystalline thermoplastic polyester of 
industrial significance because of its excellent mechanical and thermal properties, high 
chemical resistance, and cost [1-3]. PET has inherent properties that make it useful for a 
wide variety of commercial applications.  It is primarily used for the production of 
synthetic fibers, bottles, and films [4-5].  Some of the reasons for its high utility in these 
applications are directly related to its crystalline behavior.  PET can be crystallized from 
the melt over varying degrees of cooling conditions, or it can be quenched in its 
amorphous state and subsequently crystallized above its glass transition temperature by 
heating and drawing [6-8].  These crystallization mechanisms can be classified as thermal 
or quiescent crystallization and strain-induced crystallization.  Control over the 
crystallization behavior of PET is critical for optimizing its performance. 
For injection molding processes, PET originally had too slow of a crystallization 
rate [3, 5, 9-14].  To compensate, the molding time and/or temperature had to be 
increased, which resulted in prolonged cycle times.  For blow molding and film casting 
the crystallization rate was too fast, inducing haze and rendering the products opaque [15, 
16].  This is important because for many industrial processes using semi-crystalline 
polymers, the microstructure influences the final morphology.  The physical and 
mechanical properties of the polymer are ultimately determined by the crystallization rate 
and process [17-21].  Thus, depending on the application, the crystallization rate of PET 
from the melt can severely limit its use in certain applications.  
The majority of products made with PET for film and bottle applications are 
transparent.  This requires the PET to either be amorphous or slow crystallizing [15].  
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PET has a strong tendency to crystallize from the melt and this comes at a loss of 
transparency in the product [22].  Even under fast cooling rates, PET still has the ability 
to crystallize, which can restrict its use [1].   The decrease in transparency is a result of 
the increase in optical haze, in which the crystal structures reach a critical size that scatter 
visible light [23].  Therefore, to expand the use of PET into transparent films of varying 
thickness, a PET with a slower crystallization rate or weaker tendency to crystallize is 
needed [1, 24]. 
PET films are produced by extruding PET resin through a die and quenching it in 
the amorphous state on a chilled casting wheel.  Amorphous PET film is of limited 
commercial significance because of its decreased mechanical and barrier properties, and 
lower dimensional stability [25].  When oriented, the strain-induced crystallization 
changes the morphology and significantly improves these properties. For biaxially drawn 
film, the amorphous unoriented PET is drawn longitudinally, or in the machine direction, 
followed by orientation in the transverse direction or orthogonal to the machine direction 
[5, 26].  The latter is known as tentering and this is usually followed by an annealing or 
heat set process that locks in dimensional stability into the film and thereby reduces 
shrinkage.  During the orientation processes, the PET chains undergo strain-induced 
crystallization that enhances the films properties while maintaining its transparency [5, 
27].  
One of the requirements for a crystal is that the matrix possess a regular structure 
capable of forming a crystalline lattice.  Therefore, things that disrupt the regular 
structure will serve to hinder crystallization.  There are several ways of generating these 
5 
 
disruptions.  These include blending with other polymers, reactive extrusion additives, 
copolymerization, and branching. 
PET can be modified by various methods to either enhance or repress the physical 
properties of the polymer.  Commonly used methods include extrusion melt blending 
with other polymers, incorporation of reactive extrusion chain extenders, and 
copolymerization [1, 2, 22]. One copolymerization method is chemical modification of 
the chain architecture by the introduction of branching agents.  Branch points are 
incorporated into the polymer backbone when the branching agent has more than two 
functional end groups.  Branched polymers have significantly different properties than 
unmodified or linear polymers [2].  The incorporation of small amounts (<1%) of 
branching agents leads to the formation of long-chain branches [28].  If higher 
concentrations are present, it is inevitable that crosslinked structures will form [29].  It 
has been reported that high amounts or higher degrees of branching suppress the 
crystallinity, while low concentrations of branching affect the melt rheology and 
mechanical and solution properties [2].  However, it has been observed that lower 
degrees of branching can also influence the crystallization behavior of PET [30-32].   
It is of interest to be able to retard or slow thermal crystallization kinetics but not 
to eliminate the ability of the PET to form useful strain-induced crystals.  This means that 
it is important to (1) know how to synthesize PET, (2) be able to understand the aspects 
of polymer crystallization, and (3) model crystallization behavior and kinetics.  There are 
two primary ways to synthesize PET, several aspects to polymer crystallization, and there 
are also several ways to model the crystallization behavior and kinetics. 
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1.1  Synthesis of Poly(ethylene terephthalate) 
 
PET is made by a condensation or step-growth polymerization.  There are two 
dominant means of synthesizing PET.  The two different pathways have different 
implications for crystallization behavior due to reaction conditions and catalysts used.  In 
addition, different monomer units can be employed for different reasons. 
The two industrial methods used for preparing PET are dependent upon the 
monomers used.  Even though the same polymer is theoretically achieved, the differences 
in monomers used have implications on the polymerization process used (i.e. reactor 
conditions), byproducts formed, and even the choice of catalysts.  The two methods are 
(1) a transesterification reaction between dimethyl terephthalate (DMT) and ethylene 
glycol (EG) with methanol as a byproduct or (2) an esterification reaction between 
purified terephthalic acid (PTA) and ethylene glycol with water as a byproduct. 
 
1.1.1  Transesterification 
 
The polymerization of DMT and EG is carried out in two steps.  The first step is 
transesterification.  The second step is polycondensation.  In the first stage 
transesterification reaction of DMT and EG, the methyl ester end groups of DMT are 
converted into 2-hydroxyethyl esters of terephthalic acid [33].  As a result, methanol is 
liberated as a byproduct from this first stage reaction and a “prepolymer” is formed 
(Figure 1-1).  The prepolymer, bis(2-hydroxyethyl terephthalate) (bisHET), is present in 
the reaction medium with methanol and EG.  The first stage transesterification reaction 
produces not only the bisHET, but other short-chain oligomers with decreasing numbers 
of 2-hydroxyethyl-terminated chains.  The transesterification reaction is an equilibrium 
reaction, meaning that it is reversible.  So, removal of the byproduct methanol is crucial 
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towards producing a desirable product and driving batch kinetics.  The methanol is 
removed via a distillation column, thus driving the equilibrium of the reaction towards 
the product side.  Once the distillation of methanol ceases, the transesterification reaction 
is completed and the prepolymer bisHET is obtained.  
 
 
Figure 1-1. In the transesterification reaction scheme, DMT reacts with EG to form the 
prepolymer, bisHET.  Byproduct methanol is liberated from the reaction via distillation.  
Metal catalysts are required for this reaction route. 
 
The transesterification of DMT to bisHET requires catalysts, unlike the direct 
esterification of PTA to bisHET.  There are a wide number of transesterification catalysts 
known in literature, such as various salts of sodium, calcium, potassium, lithium, 
manganese, magnesium, lead, zinc, aluminum, and cadmium [34].  However, the most 
commonly employed transesterification catalysts are acetates of zinc, manganese, 
calcium, sodium, and cobalt.  Usually a combination of transesterification catalysts are 
used.  The acetate catalyst reportedly reacts during the transesterification process with the 
EG and a metal alcoholate and acetic acid are formed [34].  The acetic acid is removed 
via distillation during the transesterification process (Figure 1-2). 
 
M(CH3CO2)2 + 2ROH ⇌ M(OR)2 + 2CH3COOH 
Figure 1-2. The metal coordination catalyst (M) reacts with the ethylene glycol (2ROH) 
to form a metal alcoholate during the transesterification process.  The acetic acid is 
removed during the process, thus favoring the formation of the metal alcoholate [34]. 
Catalyst
DMT EG bisHET
by-product methanol
HOCH2CH2OH
Transesterification
Catalyst
PET
Polycondensation
bisHET HOCH2CH2OH
by-product  EG
x y
2x
x
(2x-1)
x
x
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An example of the electrophilic mechanism for metallic catalysis is shown in 
Figure 1-3.  The metal catalyst coordinates with the carbonyl group of the ester.  The 
coordination lowers the electron density of the carbonyl carbon, which allows for 
nucleophilic attack of the hydroxyl end group on the positively polarized carbon of the 
ester [35, 36]. 
 
Cat+
Cat+
Cat
Cat
 
Figure 1-3. Example of the electrophilic mechanism for metallic catalysis [35, 36]. 
 
1.1.2  Direct Esterification 
 
The polymerization of PTA and EG is prepared in two steps.  The first step is 
direct esterification.  The second step is polycondensation.  In the direct esterification of 
PTA and EG, carboxylic acid end groups catalyze the reaction to form byproduct water 
and bisHET (Figure 1-4).  The byproduct water is removed in a similar manner that 
methanol is removed (i.e. via distillation).  Technically, no catalysts are required for the 
first stage reaction because the acid end groups of the PTA catalyze the reaction with 
hydroxyl end groups of the EG.  However, metal catalysts and stabilizers can be added to 
this stage of the reaction [37].  There are inherent differences between how DMT and 
PTA batches operate depending on the size of the process and whether or not the process 
is operated in a batch or continuous mode. 
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Figure 1-4. In the direct esterification reaction scheme, PTA reacts with EG to form the 
prepolymer, bisHET.  By product water is liberated from the reaction via distillation.  
The direct esterification is catalyzed by protons on the carboxylic end groups; therefore, 
no metal catalysts are required for this reaction route. 
 
1.1.3 Polycondensation 
 
During the polycondensation, the bisHET molecules react with each other to form 
PET with EG as a byproduct [35].  However, to help propagate this reaction a 
polycondensation catalyst and application of vacuum for excess EG removal must be 
used.  For the direct esterification route, the concentration of carboxyl groups is great 
enough that no catalyst is required for the first stage of the reaction.  However, during 
polycondensation the carboxyl group concentration decreases to the point where the 
concentration is too low to effectively catalyze the reaction [37].  Therefore, a 
polycondensation catalyst is required for the direct esterification route. 
In addition, the catalysts used to catalyze the transesterification reaction of DMT 
and EG, like manganese and zinc acetates, are very active in reaction mediums having 
both very high and low hydroxyl group contents (i.e. beginning of transesterification 
reaction), but the catalysts are easily poisoned by small amounts of carboxylic acids [38].  
Therefore, polycondensation catalysts are required for both the transesterification process 
and the direct esterification process and the catalyst happens to be the same for both 
routes. 
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The most widely used polycondensation catalysts are antimony compounds.  It is 
generally accepted that titanium, tin, and antimony are the most active catalysts (in that 
order) [35, 37].  Antimony acetate or antimony trioxide are still widely used, even though 
there has been pressure to change to alternatives because of the potential health impact of 
antimony compounds in PET products, like drinking bottles and food packages [36].  The 
antimony polycondensation catalysts are reported to be insensitive to acid end groups, but 
the catalytic activity increases as hydroxyl end groups decrease.  The antimony catalyst’s 
activity is low at the beginning of the polycondensation because the antimony catalyst 
forms ligands containing hydroxyl groups and they are unable to react with the carbonyl 
groups of the esters [34].  As the polycondensation reaction proceeds, the hydroxyl end 
groups decrease and it is possible for the antimony catalyst to coordinate with the 
carbonyl groups of the esters as shown in Figure 1-5.  Therefore, the polycondensation 
catalyst has poor activity until the end of the first stage of the reaction, when the 
byproduct methanol or water is finished distilling from the batch and increases in activity 
as the degree of polymerization increases. 
 
 
Figure 1-5. Complexation of metal coordination catalyst to the carbonyl oxygen to 
activate nucleophilic attack for the propagation of the polymerization reaction [39]. 
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However, as the PET polymer molecular weight increases, it gets more difficult 
for the EG molecules to escape from the reaction medium.  This is because as the degree 
of polymerization increases the viscosity of the polymer increases.  The diffusion of the 
EG molecules through the viscous polymer then becomes limited as the molecular weight 
increases.  This is important because the polycondensation reaction is also an equilibrium 
reaction.  To push the reaction towards the product-side or towards the formation of PET, 
the EG molecules must be liberated from the reaction medium.  This is achieved by 
applying vacuum to the polycondensation process.  Therefore, the diffusion of EG (and 
other byproducts) through the molten PET and the mass transfer at the phase boundary 
between the molten PET and gas phase is critical to the rate of polycondensation, in 
addition to the choice of catalyst.  
 
 
Figure 1-6. Reaction routes for the polymerization of PET.  Both the transesterification 
and direct esterification routes produce the prepolymer, bisHET.  The bisHET molecules 
react with each other to liberate EG as a byproduct.  A metal polycondensation catalyst is 
required for the polymerization of PET. 
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Even though both reaction pathways generate PET, the differences in reaction 
conditions and catalyst used can affect crystallization behavior.  Catalyst remnants can 
serve as nucleation sites increasing the overall crystallization rate [9, 10].  It is important 
to be able to generate PET with controlled thermal crystallization behavior.  More 
specifically, it is of industrial interest to be able to slow down or retard crystallization but 
not prevent useful strain-induced crystallization. 
 
1.2 Polymer Crystallization 
 
To understand how to slow down or retard the crystallization rate of PET, it is 
necessary to understand the crystallization behavior of PET.  Many factors affect the 
crystallization behavior of PET, such as crystallization temperature, degradation, 
molecular weight, additives and residual catalyst remnants, and molecular chain 
orientations [40].  Therefore, knowing how polymers crystallize and knowing how the 
crystallization kinetics are evaluated is of utmost importance. 
 
1.2.1 Thermodynamics of Crystallization 
 
Polymer crystallization is a first-order phase transition between the amorphous 
and crystalline phases [41].  The phase transformation can be described as the nucleation 
and growth of the newly formed crystalline phase within the existing amorphous phase.  
Changes in the thermodynamic state of the system are responsible for the onset of 
crystallization.  This can be caused by application of temperature, pressure, and stress to 
the polymer in the presence or absence of solvent [1].  For simplification only changes in 
temperature will be considered. 
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Thermodynamics of crystallization determine whether or not a crystallization 
process is feasible in a given system.  A change in the thermodynamic state of the system 
from equilibrium indicates the onset of crystallization.  This is typically observed when 
the temperature of the polymer melt is lowered below a critical value.  Gibbs established 
the thermodynamic concept of nucleation and it was extended to polymers by Turnball 
and Fisher [42].  For nucleation to occur in the absence of a heterogeneity, the Gibb’s 
free energy barrier must be overcome by fluctuations in the supercooled melt [43].  The 
spontaneous phase transformation occurs once the free energy of crystallization becomes 
negative [44].  Sub-critical nuclei are formed prior to this because of the positive free 
energy of crystallization.   These nuclei are stable if grown spontaneously and grow to a 
critical size with an associated critical free energy. 
If the crystallization process takes place without any volume constraint or 
chemical change, the Gibbs free energy of the system, G, is defined: 
 
 𝐺 = 𝐻 − 𝑇𝑆 ( 1.1 ) 
 
The lowering of the temperature below the equilibrium melting temperature, Tm, is the 
thermodynamic quantity responsible for the phase transformation, the change in the 
Gibbs free energy is expressed as: 
 
 ∆𝐺 =  (𝐻𝑐𝑟𝑦𝑠𝑡𝑎𝑙 − 𝐻𝑚𝑒𝑙𝑡) − 𝑇(𝑆𝑐𝑟𝑦𝑠𝑡𝑎𝑙 − 𝑆𝑚𝑒𝑙𝑡) ( 1.2 ) 
 
 ∆𝐺 =  ∆𝐻 − 𝑇∆𝑆 ( 1.3 ) 
 
The change in enthalpy, ΔH, is equal to the latent heat of fusion and ΔS is equal to the 
entropy of the melt [43, 44].  At the melting temperature the latent heat of fusion is 
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defined as ΔH = TΔmS.  Below the melting temperature, the system will spontaneously 
try to minimize the free energy and under certain conditions will undergo crystallization.  
These conditions are (1) nucleation and (2) crystal growth, which are two independent 
phenomena. 
There are three different types of nucleation mechanisms that a polymer may 
undergo.  They are homogenous, orientation induced, and heterogeneous nucleation.  
Homogenous nucleation may occur in a supercooled homogenous melt or by statistical 
fluctuations in the fluid phase [1, 44].  Orientation induced nucleation is caused by 
alignment of the molecules by an external stress or strain that causes spontaneous 
crystallization.  The tentering process in the production of biaxially oriented films is an 
example of oriented induced nucleation.  Heterogeneous nucleation occurs on the surface 
of foreign material in the melt.  Homogenous nucleation is rarely observed because of the 
inherent nature of polymers having heterogeneities present in the melt, so heterogeneous 
nucleation is most often observed. 
 
1.2.2 Kinetics of Crystallization 
 
Crystallization is a thermodynamically driven phase transition that, depending on 
the conditions, tell whether crystals can exist or not.  If crystallization does occur, the 
speed at which it occurs is determined by the kinetics of the process [18].  The study of 
crystallization kinetics with regard to polymers relates the internal forces generated by 
the excess thermodynamic free energy in the system to the free transport of molecules 
from a disordered melt phase to an ordered solid crystalline phase, and also to the rotation 
and rearrangement of molecules at the crystal surface [44]. 
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For polymers, there is a specific range of temperatures where spontaneous 
crystallization process can occur under certain conditions.  Within this temperature range 
the polymer will seek to minimize the free energy in the system and undergo spontaneous 
crystallization.  This temperature range is limited to the glass transition temperature, Tg, 
at the lower end of the range and the melting temperature, Tm, at the higher end of the 
range.  In addition, the crystallization process follows a nucleation and growth 
mechanism. 
Crystallization kinetic studies are generally limited to idealized conditions where 
external conditions are held constant.  This is done because it makes for a relatively 
simple theoretical analysis because problems associated with cooling rates and thermal 
gradients are avoided.  However, many industrial processes involve dynamic or 
continuously changing external conditions.  This makes the treatment of non-isothermal 
crystallization kinetics more complex but more meaningful to industrial processes. 
 
1.2.2.1 Isothermal Crystallization 
 
The crystallization behavior of PET has been studied extensively under isothermal 
conditions [19, 21, 45-52].  Isothermal crystallization is conducted by rapidly cooling a 
polymer liquid or melt from above the melting temperature down to a crystallization 
temperature, Tc, and holding it at that specific temperature until crystallization is 
completed within the timeframe of the experiment [44].  Isothermal crystallization can be 
carried out from the glassy or molten state. 
The Avrami equation or relation is generally used to determine the isothermal 
crystallization kinetics [53, 54]: 
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 1 − 𝑋𝑡 = 𝑒𝑥𝑝(−𝑘𝑡
𝑛) ( 1.4 ) 
 
 −ln(1 − 𝑋𝑡) = 𝑘𝑡
𝑛 ( 1.5 ) 
 
 log[− ln(1 − 𝑋𝑡)] = log(𝑘) + 𝑛 log(𝑡) ( 1.6 ) 
 
where Xt is the degree of crystallinity, t is the time, k is the growth rate constant, and the 
exponent n is called the “Avrami exponent” and it represents the nucleation mechanism 
and growth dimensions [47].  The value of n varies between 1 and 4, which corresponds 
to the different geometric forms from rods to spherulites (Table 1-1).  The Avrami 
parameters, n and k, can be obtained through the slope and intercept by plotting the 
log[− ln(1 − 𝑋𝑡)] versus log(𝑡). 
 
Table 1-1. Values of the Avrami exponent, n, for various types of nucleation and growth 
mechanisms [16, 45]. 
n Mechanism Restrictions 
4 Spherulitic growth from sporadic nuclei 3 dimensions 
3 Spherulitic growth from instantaneous nuclei 3 dimensions 
3 Disc-like growth from sporadic nuclei 2 dimensions 
2 Disc-like growth from instantaneous nuclei 2 dimensions 
2 Rod-like growth sporadic nuclei 1 dimension 
1 Rod-like growth instantaneous nuclei 1 dimension 
 
However, it is common for the values of n to not be an integer.  It was found that 
molecular weight, nucleation type, and secondary crystallization influence the Avrami 
exponent [44].  Given that PET crystallizes under various conditions, the kinetic 
parameters n and k are also found to vary [1, 45].  The values of the Avrami exponent n 
are generally reported to be 2-3 and most authors have reported that PET crystallizes 
isothermally from a three-dimensional growth mechanism [19].  However, caution should 
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be used when comparing results directly because of the known factors that can influence 
the crystallization kinetics like molecular weight, residual catalysts, and polymerization 
conditions [50]. 
Secondary crystallization effects result in deviations from Avrami behavior.  
Secondary crystallization occurs in the interlamellar regions after spherulitic 
impingement has started.  Therefore, the Avrami equation is limited to describing the 
primary or early stages of isothermal crystallization.  Because of this secondary 
crystallization, the experimental data obtained deviates at the later stages of 
crystallization, which manifests as a deviation from linearity in the Avrami plots as the 
time scale increases.  
1.2.2.2 Non-isothermal Crystallization 
 
Most industrial polymer processing occurs under dynamic or non-isothermal 
conditions and in the melt phase.  The final material properties are influenced by the size, 
dimension, and distribution of crystallites and morphology that develop upon cooling 
from the melt [18].  Study of non-isothermal crystallization is conducted under 
continuous cooling conditions.  In principle, non-isothermal conditions are more 
complicated than isothermal conditions because temperature as a function of time must 
be taken into account [18]. 
The treatment of non-isothermal crystallization data is complex but is much more 
relevant to industrial processes than isothermal crystallization data.  The non-isothermal 
crystallization data is obtained from a differential scanning calorimeter (DSC) where 
samples undergo crystallization at various cooling rates.  The non-isothermal 
crystallization kinetics do not require the determination of the absolute crystallinity of a 
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sample.  This makes it a relatively useful method for use in industry.  Instead, the relative 
degree of crystallinity as a function of temperature, Xt, is required.  Xt is defined as: 
  
 
𝑋𝑡 = ∫ (𝑑𝐻𝑐 𝑑𝑇⁄ )
𝑇
𝑇0
𝑑𝑇 ∫ (𝑑𝐻𝑐 𝑑𝑇⁄ )𝑑𝑇
𝑇∞
𝑇0
⁄  ( 1.7 ) 
 
where T0 is the onset of crystallization temperature, T∞ is the end of crystallization 
temperature, and dHc/dT is the heat flow rate [41, 43].  Relative crystallinity as a function 
of both temperature and time can be obtained from the DSC cooling cycle. 
 During the non-isothermal crystallization process, the relation between 
temperature and time is defined as: 
 
 
𝑡 =
|𝑇0 − 𝑇|
𝛷
 ( 1.8 ) 
 
where T is the temperature at time t, T0 is the onset of crystallization (t=0), and Φ is the 
cooling rate. 
 Another important parameter that reflects the overall crystallization rate of 
polymers is the crystallization half-time, t1/2.  The crystallization half-time is the time at 
which the relative crystallinity of the polymer achieves 50% of the total crystallinity 
measured at a temperature [55].  The t1/2 is used to characterize the crystallization rate, 
with small t1/2 values describing fast crystallization rates and large t1/2 values describing 
slow crystallization rates. 
Many models have been developed to analyze and describe the non-isothermal 
crystallization kinetics.  The majority of the models are based on the Avrami equation for 
isothermal crystallization kinetics.  The most widely employed models for non-
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isothermal crystallization kinetics are the Jeziorny-modified Avrami model, the Ozawa 
model, and the Mo model. 
The Avrami equation is the basis for isothermal crystallization; however, the 
equation does not apply to non-isothermal crystallization because the continuous cooling 
conditions affect the rates of nuclei formation and spherulitic growth [1].  As a result, the 
Avrami equation has been modified by several authors to account for the non-isothermal 
conditions.   
Ziabicki and Nakamura et al. extended the Avrami equation to predict the non-
isothermal process as a sequence of isothermal steps [56-58].  The model proposed by 
Ziabicki is a series expansion of the Avrami equation.  The method assumes that 
nucleation and growth of the crystals are governed only by thermal mechanisms and that 
the change in external conditions governs the time dependence of these parameters.  In 
addition, the Avrami exponent is held constant throughout the crystallization process.  
The one drawback of the model proposed by Nakamura et al. is that the effect of the 
induction time on crystallization kinetics was not considered.  However, the main 
drawback of the models proposed by Ziabicki and Nakamura et al. is that both rely on 
isothermal crystallization data being available for the temperatures ranges measured 
under non-isothermal conditions. 
 Jeziorny had modified the Avrami model and the kinetic parameters obtained.  
The Avrami model was modified to study temperature variation curves at constant 
cooling rates [59, 60]. 
 
 1 − 𝑋𝑡 = 𝑒𝑥𝑝(−𝑍𝑡
𝑛) ( 1.9 ) 
 
 −ln(1 − 𝑋𝑡) = 𝑍𝑡
𝑛 ( 1.10 ) 
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 log[− ln(1 − 𝑋𝑡)] = log(𝑍) + 𝑛 log(𝑡) ( 1.11 ) 
 
where Xt is the relative degree of crystallinity at crystallization time t.  Zt and n are the 
Avrami rate constant and the Avrami exponent.  These describe the crystallization rate 
and crystallization mechanism.  Given that the process is non-isothermal, Jeziorny 
suggested that the rate constant Zt be revised with the cooling rate of the polymer, Φ, 
assuming it is approximately constant.  The result is the following expression:  
 
 
log(𝑍𝑐) =
log(𝑍𝑡)
𝛷
 ( 1.12 ) 
 
where Zc is the revised Jeziorny rate constant.  A plot of log[− ln(1 − 𝑋𝑡)] versus log(t) 
should yield a straight line, and n and Zc should be obtained from the slope and intercept. 
The most commonly used method of evaluating non-isothermal crystallization 
kinetics is the mathematical formulation proposed by Ozawa [61].  In the model, Ozawa 
accounted for a continuous cooling rate on the crystallization by using a modified Avrami 
equation to include a transformation process under non-isothermal conditions:   
 
 
1 − 𝑋𝑡 = 𝑒𝑥𝑝 [−
𝜑(𝑇)
𝛷𝑚
] ( 1.13 ) 
 
 
−ln(1 − 𝑋𝑡) =
𝜑(𝑇)
𝛷𝑚
 ( 1.14 ) 
 
 log[− ln(1 − 𝑋𝑡)] = log[𝜑(𝑇)] − 𝑚 log(𝛷) ( 1.15 ) 
 
where Φ is the cooling rate and 𝜑(𝑇) is defined by Ozawa as the cooling function of the 
crystallization process at temperature T.  The cooling function of crystallization is a 
21 
 
parameter that takes into the account the overall crystallization rate (i.e. the geometry and 
change in nucleation and growth mechanisms) and how fast crystallization occurs [18, 
19, 61].  However, it is still poorly understood.  The Ozawa exponent m is like the 
Avrami exponent, in that it depends on the type of nucleation and growth mechanism 
present during the crystallization process.  The Ozawa equation can be treated like the 
Avrami equation with regard to obtaining the kinetic parameters 𝜑 and m.  A plot of 
log[− ln(1 − 𝑋𝑡)] versus log(𝛷) should yield a straight line, and m and 𝜑 can be 
obtained from the slope and intercept.  The Ozawa model can be used to compare results 
of non-isothermal crystallization under continuous cooling rates with the results obtained 
from the Avrami model under isothermal conditions.  This requires values of relative 
crystallinity at a given temperature for various cooling rates; however, this temperature 
range can be somewhat narrow [18].   
The Ozawa model does have some drawbacks.  One is that the assumption of 
constant cooling rates can cause problems when modeling actual crystallization processes 
during polymer processing.  When deriving the model, Ozawa considered the effects of 
secondary crystallization to be negligible and did not take into account the dependence of 
the fold length on temperature [18].  Therefore, the model is restricted to systems that 
have the Ozawa exponent m constant and independent of temperature.  If secondary 
crystallization occurs, there will be a deviation from linearity like the Avrami model for 
isothermal conditions.  
 A new model for the non-isothermal crystallization behavior was developed by Li 
et al.  This new model was called the “Mo method” and it combined the Avrami and 
Ozawa equations based on the assumption that the degree of crystallinity is related to the 
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cooling rate and crystallization time [62].  By combining the Avrami equation and the 
Ozawa equation the following expression is obtained: 
 
 log(𝑍𝑡) + 𝑛 log(𝑡) = log(𝐾𝑡) − 𝑚 log(𝛷) ( 1.16 ) 
 
 log(𝛷) = log[𝐹(𝑇)] − 𝑎 log(𝑡) ( 1.17 ) 
 
where F(T) = [K(T)/Zt]
1/m refers to the value of cooling rate, which has to be chosen at a 
unit crystallization time when the measured system possesses a certain degree of 
crystallinity [62].  The ratio of the Avrami exponent n and Ozawa exponent m is defined 
by a = n/m.  F(T) and a are obtained from the intercept and slope from plotting log(𝛷) 
versus log(t).  Non-isothermal crystallization is difficult to describe with one equation 
because of the many parameters involved that need to be accounted for simultaneously.  
The advantage of the Mo model is that it takes into account the cooling rate with 
temperature, time, and morphology [43]. 
1.2.3 Influence of Branching on Poly(ethylene terephthalate) Properties 
 
PET has been studied extensively under both isothermal [19, 21, 45-52] and non-
isothermal [8, 15, 16, 18, 61, 63-65] conditions.  The crystallization behavior and rate of 
PET is known to be affected and influenced by many factors, including molecular weight 
[23, 45], residual catalysts [9, 10, 45], nucleating additives [11-14, 66-69], processing 
and shear history [70, 71], carboxylic end groups [10], and more recently nanofillers [3, 
72].  Therefore, to meet the requirements of specific applications, the properties of PET 
can be modified by various methods to either enhance or suppress its crystallization rate.  
The addition of linear comonomers by copolymerization and blending with other 
polymers has been explored to modify PET [4, 73-85].  It is also known that the 
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introduction of branching agents into the chain architecture alters the melt strength and 
melt rheology of polymers like PET.  The presence of branching is also known to affect 
the crystallization behavior by the introduction of long-chain branching.  However, little 
attention has been paid exclusively to the impact of branching on the non-isothermal 
crystallization behavior of PET. 
The incorporation of multifunctional monomers or “branching agents” of a 
functionality greater than two result in randomly branched polymers.  The presence of 
branch points or the presence of two or more end groups characterize branched polymers.  
They comprise a class of polymers between linear polymers and polymer networks [2].   
Many compounds have been added to the step-growth polymerization of PET to 
alter the structure and properties of the polymer (Tables 1-2 and 1-3).  Branched PET 
(BPET) is often prepared by the addition of a multifunctional comonomer with a 
functionality greater than two in the step-growth polymerization or polycondensation 
process of PET.  The most commonly used method for synthesizing BPET is through the 
addition of small concentrations of either tri- or tetrafunctional comonomer (An or Bn) via 
in-situ melt polymerization.  Other multifunctional comonomer configurations can be 
used, such as aromatic AB2/A2B comonomers.  It is well known that branched polymers 
have significantly different properties than unmodified or linear polymers [86].   
The addition of the branching agent has effects on the physical properties of the 
polymer that are important to processing.  The molecular weight distribution broadens, 
which increases the polydispersity.  Compared to linear PETs (LPET) of similar 
molecular weight, BPETs exhibit enhanced zero shear rate viscosity and earlier shear-
thinning onset in the melt.  The modification to the polymer melt rheology by changes to 
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the molecular weight distribution and branching can help enhance the melt strength and 
extensional viscosity compared to linear analogs [2]. 
It has been widely reported that branching agents inhibit the crystallization rate of 
PET, depending on the concentration [2, 20, 32, 63].  However, very few studies have 
focused on the effect of branching on the non-isothermal crystallization behavior of PET 
on concentrations less than 1 mol% 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
. 
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Table 1-2. Survey of trifunctional comonomers used as branching agents for modifying 
PET. 
An/Bn Comonomer Structure (n=3) Comonomer Reference 
 
Trimesic acid 87 
 
Trimethyl trimesate 29 
 
Methyl trimellitate 20, 88 
 
Glycerol 30, 31, 89-92 
 
Trimethylolpropane 17, 93, 94 
 
Trimethylolethane 28 
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Table 1-3. Survey of tetra- and multifunctional comonomers (n≥4) used as branching 
agents for modifying PET. 
An/Bn Comonomer Structure (n≥4) Comonomer Reference 
 
Benzene-1,2,4,5-
tetracarboxylic acid 
87 
 
Pyromellitic 
dianhdride 
58, 95, 96 
 
Pentaerythritol 
28, 87, 89, 90, 94, 
96, 97 
 
Dipentaerythritol 87 
 
Tripentaerythritol 87 
 
Manaresi et al. synthesized BPET in the presence of the trifunctional comonomer, 
trimethyl trimesate (TMT) [29].  Low concentrations of branching agents are used (1% or 
less) to avoid gelation and forming crosslinked networks.  However, Manaresi et al. 
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explored the use of BPET with high concentrations of TMT (≥1 mol% with respect to 
DMT).  A monofunctional comonomer, methyl 2-benzoylbenzoate (MBB), was used to 
overcome gelation, and to help facilitate control over the polycondensation reaction.  
Non-isothermal experiments showed that the BPET samples have slower crystallization 
rates than the LPET from the melt; however, no thermograms from the DSC were 
reported.   
 Li et al. studied the crystallization behavior of weakly branched PET with 
incorporation of glycerol at various amounts (0.4 to 1.2 mol% with respect to DMT) [30].  
The isothermal crystallization kinetics were examined with the Avrami equation.  The 
crystallization rate of the BPET was enhanced with the incorporation of the small 
amounts of the trifunctional comonomer glycerol (0.4 mol%).  At higher crystallization 
temperatures, the BPETs displayed longer induction times.  From the Avrami analysis, 
the values of the Avrami exponent n and the crystallization rate constant k were found to 
differ for the LPET and BPET samples.  The n values correspond to the nucleation and 
growth mechanisms exhibited during crystallization.  The values of n for LPET were 2-3, 
however the values were 3-4 for the BPET samples.  These results suggest the LPET and 
BPET have different mechanisms for nucleation and growth during crystallization.  LPET 
was reported to have two-dimensional disc-like growth and the BPET exhibited three-
dimensional spherulitic-like growth.  Li et al. conclude that at low concentrations (0.4 to 
0.8 mol%) of glycerol, the crystallinity of PET is enhanced, but at higher amounts (1.2 
mol%) the crystallinity is actually reduced.  The authors also conclude that the 
introduction of branches decreased the number of nucleation sites, which favored three-
dimensional spherulitic-like growth and allowed for more perfect crystals to form in 
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comparison to LPET.  This observation coincides with the values of n obtained from the 
Avrami analysis. 
In a more recent study, Li et al. explored branching with various amounts of 
trifunctional comonomer glycerol again as the branching agent in PET [31].  The BPETs 
were synthesized with glycerol loadings of 0.4 to 5.0 mol% with respect to DMT.  The 
non-isothermal crystallization kinetics were analyzed using the Jeziorny-modified 
Avrami model that takes into account the constant cooling rate (Φ = 5, 10, and 15 
°C/min).  From the analysis, the values of the Avrami exponent n for the LPET and 
BPETs were determined.  The values of n were 3.5 to 3.6 and 3.0 to 3.6 for the LPET and 
BPETs, respectively.  Based on these results, the LPET and BPET crystallized according 
to three-dimensional spherulitic-like growth with either homo- or heterogeneous 
nucleation mechanism.  In addition, the non-isothermal crystallization kinetic rate 
parameter Zc was shown to increase with increasing glycerol content, up to 1.2 mol%.  
However, at higher degrees of incorporation of the branching agent (3.5 to 5.0 mol%), Zc 
is shown to decrease.  The authors concluded these results confirm the previous 
isothermal observations that at smaller concentrations of glycerol that the crystallization 
rate of PET is enhanced, but at higher concentrations the crystallization rate is retarded.  
 Papageorgiou et al. studied the isothermal and non-isothermal crystallization 
kinetics of branched and partially crosslinked PETs by DSC [20].  LPET and BPETs 
were synthesized in the manner of Bikiaris and Karayannidis [88].  For the synthesis of 
the BPETs, the trifunctional comonomer methyl trimellitate was used at various 
concentrations instead of DMT (0.25 to 1.25 wt% with respect to DMT).  Papageorgiou 
et al. applied the Avrami equation for analysis of the isothermal crystallization kinetics.  
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For LPET, the Avrami exponent n was found to be approximately 2.5.  The authors 
attributed this to a three-dimensional growth mechanism.  Contrary to what Li et al. 
reported, the values of n for the BPET samples were smaller than the linear PET samples 
[20, 30].  Papageorgiou et al. theorized that the decrease in n is attributed to the reduced 
mobility of the polymer chains.  In addition, the crystallization rate parameter k was 
sensitive to the changes in the isothermal crystallization temperature.  The values of k 
decreased as the isothermal crystallization temperature increased and as the branching 
agent content increased.  The non-isothermal crystallization kinetics were studied by 
cooling the PET samples from the melt at constant cooling rates (Φ = 1, 2.5, 5, 10, and 20 
°C/min).  To describe the non-isothermal crystallization kinetics, the Ozawa model was 
used.  The Ozawa exponent m was found to always be less than the Avrami exponent n.  
Both the isothermal and non-isothermal crystallization rates were found to be reduced 
with increasing branching agent content.  However, the molecular weights of the 
branched samples were not held constant and increased with increasing branching agent 
content.  The effect of molecular weight on the crystallization kinetics could have 
influenced the outcome more than the actual branching agent content.   
 Jayakannan and Ramakrishnan studied the crystallization behavior of BPETs 
synthesized using an aromatic AB2 comonomer as the branching agent [32].  The pre-
polymer of PET, bisHET, was used as the starting A2 monomer and ethyl bis-3,5-(2-
hydroxyethoxy) benzoate (EBHEB) was the AB2 branching comonomer.  The BPETs 
contained EBHEB at 1.4, 3.7 and 5.0 mol%.  The effect of branching on the 
crystallization behavior of LPET and BPETs was examined using non-isothermal 
crystallization studies.  Jayakannan and Ramakrishnan used the Ozawa equation for the 
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non-isothermal kinetic analysis at constant cooling rates (Φ = 2, 4, 6, 8, and 10 °C/min).  
The Avrami/Ozawa exponent values for the LPET were found to range from 3.0 to 3.6, 
which corresponds to three dimensional spherulitic-like growth and are in accordance 
with other authors’ results [61, 63].  However, all the BPETs exhibited Avrami/Ozawa 
exponent values between 1 and 2, which suggest rod-like two-dimensional growth.  The 
cooling crystallization function φ(T) was also observed to have much lower values for the 
BPETs than the LPET, which Jayakannan and Ramakrishnan suggest that the BPETs 
have a significantly slower crystallization rate.  Jayakannan and Ramakrishnan found 
results similar to Li et al. [30, 31, 92].  At low concentrations of the branching agent the 
crystallization rate increased and then decreased at higher concentrations of the branching 
agent.  At low concentrations of the comonomer the propensity of the system to nucleate 
is enhanced, which leads to an observed increase in the crystallinity of the BPET.  
 
1.3 Objective 
 
The mechanical and thermal properties of PET are suitable for many applications, 
but PET is known to have low melt viscosities and melt strength that are unsuitable for 
the manufacturing of certain extruded processes and products [20].  The physical and 
mechanical properties of a semi-crystalline polymer are determined by the crystallization 
rate and process.  Depending on the application, the crystallization rate of PET can limit 
its applied use.  This is the case for extruded films of PET of certain thicknesses where 
optical clarity and transparency matter.  However, many industrial processes for extruded 
optical films involve dynamic conditions and the dynamic crystallization of PET can 
impart haze into the extruded films depending on the processing conditions.  To expand 
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the use of PET into optically clear and transparent films of varying thickness, a PET with 
a slower crystallization rate is required [1, 24].  It is of interest to slow the dynamic or 
non-isothermal crystallization kinetics of PET but not to completely eliminate the ability 
of the PET to form useful strain-induced crystals.  PET optical films are often oriented 
because the strain-induced crystallization improves the mechanical properties of PET.  
There are various ways of influencing the crystallization behavior of PET and each 
option provides similar and sometimes different benefits. 
The crystallization behavior and rate of PET is known to be influenced by 
molecular weight, residual catalysts, nucleating additives, and the addition of linear and 
multifunctional comonomers.  The addition of multifunctional comonomers or branching 
agents are known to alter the chain architecture of PET but also enhance the melt strength 
and melt viscosity.  The effects of branching agent concentration on the non-isothermal 
crystallization behavior and kinetics of BPET have been scarcely investigated.  There 
have been very few studies on the non-isothermal crystallization kinetics of branched 
PET [20, 76, 79].  Within the studies the branching agent, branching agent concentration, 
and non-isothermal cooling rates vary.  The methods to analyze the non-isothermal 
crystallization kinetics vary as well, making it difficult to compare results.  There are 
contrary findings on how the degree of branching (i.e. branching concentration) affects 
the non-isothermal crystallization kinetics of BPET.  In addition, external factors such as 
how the BPETs were prepared and molecular weight are often ignored when evaluating 
the effects on non-isothermal crystallization behavior.  There are even fewer (if any) 
studies on how the geometry of branching agents influence the non-isothermal 
crystallization behavior of BPET.  There appear to be gaps in the field on the non-
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isothermal crystallization behavior of BPET and this study intends to help fill in certain 
gaps. 
The purpose of this study was to investigate the effects of branching agent 
concentration and branching agent geometry on the non-isothermal crystallization 
behavior and kinetics of branched PET as it pertains to the use of BPET in industrial 
applications for optical film.  In addition, the effects of molecular weight and preparation 
of the BPETs were taken into account when considering the non-isothermal 
crystallization behavior.  To evaluate the effect of branching agent geometry on the non-
isothermal behavior and kinetics of BPET, two structural isomers of benzenetricarboxylic 
acid (n=3) were used as the branching agents.  The isomers used had planar and non-
planar conformations.  The branching agents were 1,3,5-benzenetricarboxylic acid 
(trimesic acid) and 1,2,4-benzenetricarboxylic acid (trimellitic acid).  Trimesic acid has 
planar conformations and trimellitic acid has non-planar conformations [98].  Varying 
concentrations of the branching agents were used.  The non-isothermal crystallization 
kinetics were analyzed by applying the Jeziorny-modified Avrami model, the Ozawa 
model, and the Mo model as measured by DSC.  The different models were applied to see 
which model suited the sample BPET systems the best and to compare against previously 
reported results. 
 
2. EXPERIMENTAL APPROACH 
 
2.1 Materials and Methods 
 
Two different series of PET resins were generated for the analysis and 
characterization of the non-isothermal behavior and kinetics of BPET.  Each series of 
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PET was comprised of a LPET and BPET.  The branching agents used in the study are 
shown in Table 2-1.  The molar formulations for the two series of PET are shown in 
Table 2-2. 
 
Table 2-1. Chemical structure and molecular weight of branching agents used in this 
study. 
An Comonomer Structure (n=3) Comonomer 
Molecular Weight 
(g/mol) 
 
1,3,5-
benzenetricarboxylic 
acid (TMA) 
210.14 
 
1,2,4-
benzenetricarboxylic 
acid (TMLA) 
210.14 
 
The first series of PET was made in industrial process A, which was 
representative of a typical polyester pilot batch process.  This series of PET was designed 
to evaluate the non-isothermal crystallization behavior and kinetics at a single 
concentration of branching agent in BPET versus LPET.  The branching agent used was 
trimesic acid (TMA) at 0.25 mol% relative to PTA.  Typical amounts of industrial PET 
catalysts were used to evaluate the effect of catalyst remnants on the non-isothermal 
crystallization behavior of PET.  The molecular weight of the branched and linear PET 
were approximately held constant to minimize molecular weight effects.  The LPET and 
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BPET samples produced for the first series were all made in a polyester pilot batch 
process.  The process consists of two stainless steel oil jacketed batch reactors, a 
distillation column with an overhead condenser, two byproduct receiver vessels, and a 
strand pelletizer.  The esterification reaction occurred in a 100 gallon esterification 
reactor and the melt polymerization occurred in a 70 gallon polymerization reactor.  The 
LPET and BPET were synthesized with a similar process. 
 
Table 2-2. Molar formulations of the two PET series produced in industrial processes A 
and B. 
Samples 
PTA 
(mol) 
EG 
(mol) 
TMA 
(mol) 
TMLA 
(mol) 
PTA:Branching Agent 
(mol ratio) 
LPET A-1 778.9 1558   0% 
BPET A-2 777.0 1558 1.943  0.25% 
LPET B-1 21.24 48.86   0% 
BPET B-2 21.22 48.86 0.021  0.10% 
BPET B-3 21.19 48.86 0.053  0.25% 
BPET B-4 21.14 48.86 0.106  0.50% 
BPET B-5 21.03 48.86 0.212  1.00% 
BPET B-6 21.22 48.86  0.021 0.10% 
BPET B-7 21.19 48.86  0.053 0.25% 
BPET B-8 21.14 48.86  0.106 0.50% 
BPET B-9 21.03 48.86  0.212 1.00% 
 
The second series of PET was made in industrial process B and was 
representative of a typical polyester batch lab reactor process.  This series of PET was 
designed to evaluate the non-isothermal crystallization behavior and kinetics of BPET at 
various concentrations with two different branching agents of the same molecular weight 
but with different geometries (i.e. structural isomers).  The two branching agents were 
TMA and trimellitic acid (TMLA). The concentration of the branching agents used was 
0.10, 0.25, 0.50, and 1.00 mol% relative to PTA.  A LPET was also prepared for 
35 
 
comparison purposes.  The catalyst concentration was minimized for this series of PET to 
compare the effects of catalyst concentration on crystallization behavior between 
industrial process A and B at 0.25 mol%.  The molecular weights of the branched 
samples were approximately held constant to minimize molecular weight effects.  The 
PET samples produced in industrial process B were all made in a polyester pilot batch lab 
reactor process.  The process consists of one stainless steel electrically heated batch 
reactor, a distillation column with two overhead condensers, and a byproduct receiver 
vessel.  The esterification reaction and melt polymerization both occurred in a 2 gallon 
reactor.  The LPET and BPETs were all synthesized with a similar process. 
 
2.1.1 Industrial Process A: LPET Formulation and Synthesis 
 
The 100 gallon esterification reactor was charged with amounts of the terephthalic 
acid (PTA) and ethylene glycol (EG) as indicated in Table 2-3.  A 2:1 molar ratio was 
used for the charges of EG relative to PTA, with EG being charged in excess.  After the 
monomers were charged, the esterification reactor was pressurized to 0.48-0.70 bar gauge 
(barg) under a nitrogen atmosphere, heated to 252 °C, and stirred continuously.  At 149 
°C, calcium acetate was charged to the ester kettle in a solution of EG through a 
pressurized addition pipe attached to the ester kettle.   The contents of the reactor were 
then pressurized to 3.45 barg and the esterification reaction was allowed to proceed. 
 
Table 2-3. Formulation of LPET A-1. 
Samples 
PTA 
(kg) 
EG 
(kg) 
TMA 
(g) 
Ca(OAc)2 
(g) 
Co(OAc)2 
(g) 
TBT 
(g) 
TEPA 
(g) 
LPET 
A-1 
129.40 96.70 0 17.72 18.98 10.64 16.25 
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During the esterification the byproduct water was removed via a batch distillation 
column and collected in a receiver vessel.  After approximately 90 minutes, all of the 
byproduct water was removed and the batch pressure was reduced to atmospheric 
pressure.  At this point cobalt acetate, tetrabutyl titanate (TBT), and triethyl 
phosphonoacetate (TEPA) were added to the esterified product successively as solutions 
in EG to the ester kettle through the aforementioned pressurized addition pipe. 
The esterification reactor was heated from 252 °C to 274 °C and the pressure was 
reduced further (via vacuum) to less than 5 torr.  Much of the excess EG was removed 
during this vacuum stage.  After approximately 75 minutes under vacuum, the contents of 
the esterification reactor were transferred to the 70 gallon polymerization kettle to finish 
the melt polymerization process. 
The polymerization reactor was heated from 271 °C to approximately 285 °C at a 
reduced pressure of less than 2 torr while continuously being stirred.  The melt 
polymerization reaction was allowed to carry out for a sufficient period of time until the 
LPET resin had an intrinsic viscosity (IV) of approximately 0.62 dL/g.  To build to the 
proper IV endpoint, the polymerization reactor agitator maintained a constant power draw 
of 2.4 kW, while the agitator speed was reduced from 80 RPM to 34 RPM.  After 100 
minutes in the poly kettle, the melt polymerization process was finished because the IV 
target was reached (based on the agitator endpoint of 34 RPM). 
The produced LPET resin was drained as strands from the drain port at the bottom 
of the reactor, then cooled in a water bath and cut into pellets, thus obtaining 
approximately 136 kg of PET with an IV of 0.62 dL/g.  The obtained LPET resin was 
then crystallized in a paddle dryer/crystallizing unit maintained at 149 °C. 
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2.1.2 Industrial Process A: BPET Formulation and Synthesis 
 
The same procedure as defined for LPET A-1 was used for the BPET A-2, except 
for the alterations in the formulation shown in Table 2-4 and the addition of the 
branching agent, TMA.  The branching agent TMA was added to the esterification 
reactor at 149 °C, prior to pressurizing the esterification reactor to 3.45 barg and the 
calcium acetate was added late, instead of up front for LPET A-1.  The calcium acetate 
was added after the cobalt acetate, but before the TBT. 
 
Table 2-4. Formulation of BPET A-2. 
Samples 
PTA 
(kg) 
EG 
(kg) 
TMA 
(g) 
Ca(OAc)2 
(g) 
Co(OAc)2 
(g) 
TBT 
(g) 
TEPA 
(g) 
BPET 
A-2 
129.07 96.70 409.21 17.73 18.99 10.65 16.26 
 
The cobalt acetate, calcium acetate, TBT, and TEPA were added to the esterified 
product successively as solutions in EG to the esterification reactor through the 
pressurized addition port attached to the esterification reactor.  The additives were added 
after the byproduct water was removed and after the batch pressure was reduced to 
atmospheric pressure, similar to the LPET A-1.  The batch was under vacuum in the 
esterification reactor for 75 minutes before being transferred to the polymerization 
reactor. 
The melt polymerization reaction was allowed to carry out for a sufficient period 
of time until the produced resin had an intrinsic viscosity (IV) of approximately 0.62 
dL/g, similar to the linear PET.  After 65 minutes in the polymerization reactor, the melt 
polymerization process was finished because the IV target was reached (based on the 
agitator endpoint of 34 RPM). 
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The produced BPET was drained in a similar manner as the LPET, thus obtaining 
approximately 136 kg of resin with an IV of 0.61 dL/g.  The obtained BPET resin was 
then crystallized in a paddle dryer/crystallizing unit maintained at 149 °C. 
 
2.1.3 Industrial Process B: LPET Formulation and Synthesis 
 
The 2 gallon reactor was charged with amounts of PTA and EG as shown in Table 
2-5.  A 2:1 molar ratio was used for the charges of EG relative to PTA, with EG being 
charged in excess.  After the monomers were charged, approximately 15 ppm of titanium 
(relative to the theoretical polymer produced) in the form of a citrate chelate catalyst 
(AC420) was charged to the reactor in a solution of EG.  The reactor was pressurized to 
2.76 barg under a nitrogen atmosphere, heated to 252 °C, and stirred continuously at 125 
RPM.  The esterification reaction was allowed to proceed at these conditions. 
 
Table 2-5. Formulation of LPET B-1. 
Samples 
PTA 
(kg) 
EG 
(kg) 
TMA 
(g) 
TMLA 
(g) 
AC420 
(g) 
LPET B-1 3.53 3.03 0 0 3.06 
 
During the esterification the byproduct water was removed via a batch distillation 
column and collected in a receiver vessel.  After approximately 90 minutes, all of the 
byproduct water was removed and the batch pressure was reduced to atmospheric 
pressure. 
The reactor was heated from 252 °C to 279 °C and the pressure was reduced 
further (via vacuum) to less than 2 torr.  Much of the excess EG was removed during this 
vacuum stage.  The melt polymerization reaction was allowed to carry out for a sufficient 
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period of time until the produced resin had an IV of approximately 0.67 dL/g.  To build 
to the proper IV endpoint, the hydraulic agitator maintained a constant draw of 17.24-
20.68 barg as measured by oil gear pressure, while decreasing the agitator from 125 RPM 
to 50 RPM in 25 RPM increments.   
After approximately 160 minutes, the melt polymerization process was finished 
because the IV target was reached.  This was based on the agitator endpoint of 50 RPM at 
17.24 barg oil gear pressure.  The produced LPET resin was drained from the drain port 
at the bottom of the reactor into a pan, thus obtaining approximately 4 kg of LPET resin 
with an IV of 0.69 dL/g.   
 
2.1.4 Industrial Process B: BPET Formulation and Synthesis 
 
The same procedure as defined for the LPET B-1 was used for BPET B-2 to B-9, 
except for the alterations shown in Table 2-6.  The reactor was pressurized to 2.76 barg 
under a nitrogen atmosphere, heated to 252 °C, and stirred continuously at 125 RPM.  
The esterification reaction was allowed to proceed at these conditions. 
 
Table 2-6. Formulation of BPET B-2 to B-9. 
Samples 
PTA 
(kg) 
EG 
(kg) 
TMA 
(g) 
TMLA 
(g) 
AC420 
(g) 
BPET B-2 3.53 3.03 4.46  3.06 
BPET B-3 3.52 3.03 11.16  3.06 
BPET B-4 3.51 3.03 22.32  3.06 
BPET B-5 3.49 3.03 44.64  3.07 
BPET B-6 3.53 3.03  4.46 3.06 
BPET B-7 3.52 3.03  11.16 3.06 
BPET B-8 3.51 3.03  22.32 3.06 
BPET B-9 3.49 3.03   44.64 3.07 
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During the esterification the byproduct water was removed via a batch distillation 
column and collected in a receiver vessel.  After approximately 90 minutes, all of the 
byproduct water was removed and the batch pressure was reduced to atmospheric 
pressure. 
The reactor was heated from 252 °C to 279 °C and the pressure was reduced 
further (via vacuum) to less than 2 torr.  Much of the excess EG was removed during this 
vacuum stage.  The melt polymerization reaction was allowed to carry out for a sufficient 
period of time until the produced BPET resins had an IV of approximately 0.67 dL/g.  To 
build to the proper IV endpoint, the hydraulic agitator maintained a constant draw of 
17.24-20.68 barg as measured by oil gear pressure, while the agitator speed was 
decreased from 125 RPM to 50 RPM in 25 RPM increments.   
After approximately 160 minutes, the melt polymerization process was finished 
because the IV target was reached.  This was based on the agitator endpoint of 50 RPM at 
17.24 barg oil gear pressure.  The produced BPET resins were drained from the drain port 
at the bottom of the reactor into a pan, thus obtaining approximately 4 kg of BPET resin 
per batch with an IV of 0.69 dL/g.   
 
2.2 Characterization 
 
2.2.1 Differential Scanning Calorimetry 
 
A TA Instruments Q2000 DSC was used to conduct the non-isothermal 
crystallization kinetic studies of the different series of PET at various cooling rates.  The 
DSC was equipped with an auto-sampler and a dual sample cell.  An empty aluminum 
pan was placed in the reference cell so the PET samples could be measured against it.  A 
sample of 5-7 mg from each series of PET was placed in a hermetically sealed aluminum 
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pan and placed in the DSC auto-sampler.  All of the samples were heated to 30 °C while 
the DSC equilibrated at that temperature.  The samples were held at 30 °C for 3 minutes 
and then heated to 300 °C at a rate of 20 °C/min.  The samples were held at 300 °C for 3 
minutes to erase any residual thermal stresses.  The samples were then cooled to 30 °C at 
various cooling rates of 5, 10, 20, and 50 °C/min.  The samples were held at 30 °C for 3 
minutes before being heated to 300 °C again at a rate of 20 °C/min.  All scans were 
recorded under a purge of nitrogen to prevent degradation. 
 
2.2.2 Intrinsic Viscosity 
 
 The IV of the PET samples were measured in phenol:ortho-dichlorobenze mixture 
(60:40, weight ratio) at a temperature of 30 °C using an Ubbelohde viscometer (PSL 
Rheotek capillary viscometer).  A sample of 0.145-0.150 g was weighed out and added to 
a 40 ml disposable vial.  The auto-dispenser added an appropriate amount of solvent to 
the vial such that the polymer solution concentration was 0.0065 g/ml. To dissolve the 
PET polymer in the solution, the vial was placed on a heating block with a magnetic stir 
bar and was heated to 110 °C for 30 minutes.  Afterwards the vial was placed in a water 
bath and cooled to room temperature.  The capillary viscometer then measured the 
inherent viscosity of the samples at 30 °C and the Billmeyer equation was applied to 
obtain the IV of the PET samples.      
 
2.2.3 Gel Permeation Chromatography 
 
 Gel permeation chromatography (GPC) was used to determine the molecular 
weight distributions of the PET samples.  To prepare the samples, approximately 25 mg 
of PET was weighed and placed into a vial.  The samples were dissolved in 4.00 ml of 
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hexafluoroisopropanol (HFIP).  A lid was placed on the vial and the PET samples were 
allowed to dissolve overnight.  The PET polymer solutions were then analyzed by GPC 
using the following conditions on a Waters 2690 system.  The injection sample size was 
20 μl.  The mobile phase was a 90:10 chloroform:HFIP mixture with 0.5 molar tetraethyl 
ammonium nitrate.  The flow rate was 0.8 ml/min.  The columns were two Agilent HFIP 
gel columns (5 μ; 300 x 7.5 mm) held at 40 °C.  The detector was a Waters 996 photo 
diode array (264 nm signal is processed).  Polystyrene calibration standards were used 
with peak molecular weights ranging from 580 to 6.03 x 106 daltons.  
 
2.2.4 Rheology 
 
The samples were analyzed by melt rheology to examine the onset of shear 
thinning behavior.  A frequency sweep at 280 °C was obtained for each sample.  Before 
measuring the melt viscosity of the PET samples they were dried in a vacuum oven at 85 
°C for 48 hours.  The samples were removed from the vacuum oven and stored in a 
desiccator (over P2O5) until analyzed.  The rheometer was brought to temperature and the 
sample was loaded on the bottom platen.  The oven was then closed and allowed to heat 
to within 10 °C of the final temperature (280 °C) at which time the gap was decreased to 
1.05 mm.  When the oven reached 280 °C, it was opened, the excess sample trimmed, and 
the oven was immediately closed.  The gap was then set to 1.00 mm and when the oven 
reestablished the set temperature of 280 °C, the analysis was started.  The analysis was 
completed on a TA Instruments ARES-G2 rheometer using the following conditions.  
The temperature was 280 °C with a frequency sweep from 5 to 500 rad/sec at a strain of 
10%.  Torsional parallel plates with a diameter of 25 mm with set gap of 1.00 mm were 
43 
 
used for the rheometer geometry.  All samples were analyzed under a purge of nitrogen to 
prevent degradation. 
 
3. RESULTS AND DISCUSSION 
 
3.1 Molecular Weight 
 
 The intrinsic viscosities and molecular weights were measured for the prepared 
LPET and BPET samples.  During the synthesis of both series of PET resins the 
molecular weight was controlled by monitoring the power draw on the agitator during 
polymerization.  In industry it is common to only measure the intrinsic viscosity of the 
polymers compared to other methods that are more time consuming and require more 
technical competency.  By only measuring the intrinsic viscosity, however, it is difficult 
to determine whether or not the branching agents were incorporated into the polymer 
matrix at the desired loadings.  In addition, the intrinsic viscosity measurements of 
branched polymers can be misleading. 
Branched polymers have a higher segment density and therefore have a smaller 
radius of gyration or hydrodynamic volume than a linear polymer of the same molecular 
weight and composition [28, 93, 99].  The decrease in hydrodynamic volume of the 
polymer molecule leads to reduced drag in the viscometer which decreases the measured 
viscosity.  The intrinsic viscosity is proportional to the volume of molecule, so if the 
hydrodynamic volume of a branched polymer is smaller than that of a linear polymer at 
the same molecular weight, the branched polymer is expected to have a lower intrinsic 
viscosity. 
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The intrinsic viscosities ([η]), number average molecular weight (Mn), weight 
average molecular weight (Mw), and polydispersity index (Mw/Mn) are shown in Table 3-
1.  The intrinsic viscosity of BPET A-2 was lower than LPET A-1 but had a higher Mw.  
The Mw/Mn of BPET A-2 was greater than LPET A-1 which is consistent with the 
behavior of branched polymers.  The incorporation of the branching agent caused the 
overall molecular weight distribution to broaden.  The Mn for BPET A-2 was lower than 
LPET A-1. 
  
Table 3-1.  Intrinsic viscosities ([η]), number average molecular weight (Mn), weight 
average molecular weight (Mw), and polydispersity index (Mw/Mn) of the LPET and 
BPET samples. 
Samples 
[η]  
(dl/g) 
Mn  
(g/mol) 
Mw 
 (g/mol) 
Mw/Mn  
(g/mol) 
Branching 
Agent 
%Branch  
(mol) 
LPET A-1 0.62 23,000 64,300 2.80  0 
BPET A-2 0.61 21,600 67,100 3.11 TMA 0.25 
LPET B-1 0.69 24,600 73,500 2.99  0 
BPET B-2 0.66 23,600 72,900 3.09 TMA 0.10 
BPET B-3 0.68 23,400 80,000 3.42 TMA 0.25 
BPET B-4 0.70 22,600 93,000 4.12 TMA 0.50 
BPET B-5 0.66 19,900 104,000 5.23 TMA 1.00 
BPET B-6 0.69 24,300 77,400 3.19 TMLA 0.10 
BPET B-7 0.68 23,500 80,500 3.43 TMLA 0.25 
BPET B-8 0.66 21,800 84,800 3.89 TMLA 0.50 
BPET B-9 0.64 19,300 95,100 4.93 TMLA 1.00 
 
The intrinsic viscosities from industrial process B samples ranged from 0.64-0.70 
dl/g.  LPET B-1 had an intrinsic viscosity of 0.69 dl/g and a Mw of 73,500 g/mol.  The 
BPET samples prepared with TMA (BPET B-2 to B-5) showed an increase in Mw/Mn as 
the branching content increased which was expected.  The intrinsic viscosities of BPET 
B-2, B-3, and B-5 were lower than LPET B-1.  However, the intrinsic viscosity of BPET 
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B-4 was greater than the intrinsic viscosity of LPET B-1.  The intrinsic viscosity should 
decrease with increasing branching content for the samples BPET B-2 to B-5 while the 
Mw should increase.  For the most part this is true.  The discrepancies observed can be 
attributed to variation in processing conditions like the batch temperature during 
polymerization. The batch reactor used in industrial process B used electrical heating 
which does not control nearly as well as the oil jacketed reactors used in industrial 
process A.  This would have a direct impact on the polymerization reaction and the 
molecular weight obtained. 
The BPET samples prepared with TMLA as the branching agent (BPET B-6 to B-
9) also showed an increase in Mw/Mn as the branching content increased.  The intrinsic 
viscosities of the samples decreased as the branching agent content increased, even 
though Mw increased.  This behavior was expected because of the decrease in 
hydrodynamic volume with the increase in branching content. 
The intrinsic viscosity and molecular weight measurements confirmed that the 
samples prepared in both industrial processes were branched.  The decrease in intrinsic 
viscosity as the branching agent content increased was expected [99, 100].  This 
phenomenon can be explained by the reduction in the hydrodynamic volume of the 
branched polymers because of the increase in segment density.  As the intrinsic viscosity 
decreased the Mw increased as the branching content increased.  The molecular weight 
distribution broadened with increasing branching content and this was observed by 
measuring an increase in the Mw/Mn.  
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3.2 Rheology 
 
 Dynamic melt rheology or oscillatory rheometry measurements were conducted 
on the samples from both series of PET.  The complex viscosity η* was obtained as a 
function of frequency ω for the samples at 280 °C.  The BPET samples were expected to 
have a higher zero shear viscosity than LPET samples at an equivalent molecular weight.  
However, the BPET samples exhibited an earlier onset of shear thinning behavior than 
the LPET samples. 
 
 
Figure 3-1. Graph of complex viscosity η* versus frequency ω for LPET A-1 and BPET 
A-2 at 280 °C. 
 
 In Figure 3-1, the rheology curves for the LPET and BPET from industrial 
process A are shown.  LPET A-1 had an observable Newtonian plateau, however BPET 
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A-2 did not.  The BPET showed a steady decrease in complex viscosity as frequency 
increased.  This shear thinning behavior is commonly displayed in branched polymers 
[101].  The BPET viscosity decreased below that of the LPET at high frequencies.  This 
was believed to be caused by the branch points disentangling at higher frequencies and 
elongation of the molecule.  The higher viscosity at lower frequencies indicated that the 
BPET had a higher melt strength.  Melt strength is associated with the entanglement 
density of the polymer.  Branched polymers have a much higher entanglement density 
than linear counterparts.  
 
 
Figure 3-2. Graph of complex viscosity η* versus frequency ω for LPET B-1 and BPET 
B-2 to B-9 at 280 °C. 
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In Figure 3-2, the rheology curves for the LPET and BPET samples from 
industrial process B are shown.  As with the LPET and BPET samples from Figure 3-1, 
LPET B-1 had an observable Newtonian plateau, however BPET B-2 to B-9 did not.  The 
BPET samples from industrial process B also showed a similar decrease in complex 
viscosity with an increase in frequency.  The BPET samples displayed shear thinning 
behavior and as the branching agent content increased the shear thinning behavior 
increased.   
BPET B-5 and B-9 displayed the most significant shear thinning behavior and 
those samples had the highest amount of branching agent (1 mol%).  In general, the 
samples that contained the same amount of branching agent had curves that overlaid.  For 
example, BPET B-5 and B-9 (1 mol%) had nearly identical curves.  So did BPET B-4 
and B-8 (0.50 mol%) and BPET B-3 and B-7 (0.25 mol%).  This confirms that the 
samples were of equivalent branching content and molecular weight.  However, the 
branched samples BPET B-2 and BPET B-6 (0.10 mol%) did not have curves that 
overlaid.  The curves were of similar shape and slope.  The intrinsic viscosities (0.66 and 
0.69 dl/g) and weight average molecular weights (72,900 and 77,400 g/mol) were 
approximately equal for the BPET B-2 and B-6.  It is believed that a variation in the 
process may explain the differences in the observed curves such that BPET B-6 
developed more branch points than BPET B-2.    
In Figure 3-3, all of the rheology curves for the samples from both industrial 
process A and B are displayed.  The most obvious differences are between LPET A-1 and 
B-1.  LPET B-1 had a higher measured intrinsic viscosity than LPET A-1 (0.69 versus 
0.62 dl/g), however, LPET B-1 behaved as if it had a lower molecular weight.  When 
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examining the differences in weight average molecular weight LPET B-1 has a weight of 
73,500 g/mol compared to 64,300 g/mol for LPET A-1.  The polydispersity index of the 
two samples were comparable, but LPET A-1 had a lower polydispersity index of 2.80 
compared to 2.99 for LPET B-1.  The differences in the processes and catalysts used may 
have influenced the quality of the polymer produced.  Because industrial process A was 
better controlled than industrial process B it was likely that LPET B-1 was less thermally 
stable than LPET A-1, even though LPET B-1 had a higher molecular weight.  One way 
to confirm this is to perform an acid end group analysis and determine the amount of 
diethylene glycol (DEG).  These are indicative of PET quality and if thermal degradation 
occurred. 
 
 
Figure 3-3. Graph of complex viscosity η* versus frequency ω for both series of PET at 
280 °C. 
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Another interesting observation from Figure 3-3 was that BPET A-2 and B-2 had 
nearly identical curves.  BPET A-2 and B-2 both had TMA as the branching agent but at 
different compositions.  BPET A-2 (0.25 mol%) had a higher loading of TMA than BPET 
B-2 (0.10 mol%).  The molecular weights of the samples were comparable.  BPET B-2 
had a slightly higher weight average molecular weight than BPET A-2 (72,900 compared 
to 67,100 g/mol).  When comparing the BPET A-2 to the other samples at the same 
branching composition (BPET B-3 and B-7), BPET A-2 had a much lower weight 
average molecular weight.  The differences observed between the samples with 0.25 
mol% of TMA could be attributed to molecular weight differences which was related to 
the amount of time spent in the polycondensation step of the process. 
The rheological measurements confirmed that the BPET samples branched.  In 
general, the complex viscosity of the branched polymers increased at lower frequencies 
with an increasing amount of branching agent.  The LPET samples exhibited a 
Newtonian plateau followed by shear thinning behavior.  The BPET samples did not 
exhibit a Newtonian plateau.  The BPET samples showed an earlier onset of shear 
thinning behavior when compared to the LPET samples.  The Newtonian plateau with the 
branched polymers cannot be reached within time scale of experiment because of longer 
relaxation times than the linear polymers [58]. In some instances the BPET samples had 
complex viscosities approximately equal to the LPET samples at high frequencies.  This 
behavior at high frequencies was thought to be attributed to the lifetimes of entanglement 
being longer than the time scale of the deformations when molecular motions are high 
[101].  As the branching content increased the complex viscosity at low frequencies 
increased and the shear thinning behavior was more pronounced as the frequency 
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increased.  The BPET samples with the same branching content but different branching 
agent displayed nearly identical rheological behavior.  This means that the samples 
prepared should have similar physical properties. 
 
3.3 Thermal Properties 
 
 The crystallization exotherms for LPET A-1 and BPET A-2 at various cooling 
rates are shown in Figure 3-4.  From the crystallization exotherms many useful 
parameters were obtained that helped characterized the non-isothermal crystallization 
behavior of the samples.  The crystallization onset temperature (T0), the crystallization 
peak temperature (Tc), the end of crystallization temperature (T∞), and the crystallization 
enthalpy (ΔHc) were measured for the samples. 
The Tc of LPET A-1 shifted to lower temperatures as the cooling rate increased.  
As the crystallization peak temperature shifted to lower temperatures the peak was also 
broadening.  At a cooling rate of 50 °C/min no Tc was detected for LPET A-1.  The 
increased cooling rate provided a shorter time period for crystallization to occur in the 
time scale of the experiment [55, 60].  When cooling from the melt the polymer 
molecules had an increasingly difficult time in following the cooling rate as it increased 
[55, 60].  Therefore, more supercooling was required to initiate crystallization at higher 
cooling rates.  This explained why the crystallization occurred earlier under lower 
cooling rates.  
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Figure 3-4. The crystallization exotherms of (a) LPET A-1 and (b) BPET A-2 at various 
cooling rates. 
 
The crystallization exotherms for BPET A-2 were non-existent.  TMA was used 
as the branching agent at 0.25 mol% of the acids charged.  No crystallization peak was 
observed at any of the cooling rates (5-50 °C/min).  The samples were re-tested with a 
standard of LPET to verify if the results were caused by a measurement error with the 
DSC.  The results showed the same behavior exhibited in Figure 3-4.  The interpretation 
of the results for BPET A-2 was that for all cooling rates used, it was sufficient enough to 
quench the BPET.  The addition of the branching agent at 0.25 mol% with the 
(a)
(b)
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combination of catalysts used may have been enough to disrupt chain folding during the 
time scale of non-isothermal DSC experiments.  However, the samples exhibited cold 
crystallization peaks during the heating cycles of the DSC heat-cool-heat procedure used 
for all cooling rates.  During the heating cycles (first and third cycles) the samples were 
held at 30 °C for 3 minutes and then heated to 300 °C at a rate of 20 °C/min.  This 
observation coupled with the lack of crystallization exothermic peaks when cooling from 
the melt reinforces that the samples were sufficiently quenched at all non-isothermal 
cooling rates.  Because of the lack of crystallinity when cooling from the melt in the 
BPET A-2 samples, no further kinetic analysis was performed. 
The crystallization exotherms for the LPET samples are shown in Figure 3-5 for 
LPET A-1 and LPET B-1.  Both of the LPET samples exhibited similar crystallization 
peak temperatures at 5 °C/min, but the results varied at cooling rates of 10, 20, and 50 
°C/min (Table 3-2).  The exothermic crystallization peaks for LPET B-1 at cooling rates 
of 10 and 20 °C /min were measured at higher temperatures than the LPET A-1 samples 
at the same cooling rates.  That means the crystallization process was faster in the LPET 
B-1 samples at 10 and 20 °C/min than in the LPET A-1 samples.  The kinetic analysis 
will help determine if this observation holds true.  The molecular weight of the samples 
may also be responsible for the observed difference, but that is unlikely because LPET B-
1 had a higher molecular weight than LPET A-1.  The polymer with the lower molecular 
weight should crystallize faster than the polymer with a higher molecular weight.  The 
difference in catalysts and catalyst amount used may be responsible for the varying 
values of Tc.   
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Table 3-2. DSC data for the LPET samples (LPET A-1 and LPET B-1) at various cooling 
rates. 
Samples 
Φ  
(°C/min) 
T0  
(°C) 
Tc 
 (°C) 
T∞  
(°C) 
ΔHc  
(J/g) 
%Branch  
(mol) 
LPET A-1 
5 199.3 189.1 167.5 44.44 0 
10 192.9 177.0 149.2 41.13 0 
20 184.7 160.5 128.1 27.35 0 
50    
 0 
LPET B-1 
5 202.5 193.9 168.3 40.04 0 
10 197.0 186.6 164.0 35.91 0 
20 189.3 175.8 154.4 31.74 0 
50 170.9 152.3 123.8 25.61 0 
 
 
Figure 3-5. The crystallization exotherms of (a) LPET A-1 and (b) LPET B-1 at various 
cooling rates. 
(a)
(b)
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The crystallization exotherms for BPET B-2 to B-5 at various cooling rates are 
shown in Figure 3-6.  The parameters obtained from the DSC for BPET B-2 to B-5 at the 
various cooling rates are shown in Table 3-3.  The branching agent used in these samples 
was TMA.  The values of T0 and Tc of sample BPET B-2 (0.10 mol%) were higher than 
that of the LPET B-1 at all cooling rates.  Samples BPET B-3 (0.25 mol%) and B-4 (0.50 
mol%) had lower values of Tc than LPET B-1 at all cooling rates.  The values of T0 for 
BPET B-3 and B-4 were either lower or nearly identical to the values of T0 for LPET B-1.  
The sample with the highest branching content, BPET B-5 (1.00 mol%), had values of Tc 
and T0 similar to that of LPET B-1. 
 
Table 3-3. DSC data for the TMA BPET samples (BPET B-2 to B-5) at various cooling 
rates. 
Samples 
Φ  
(°C/min) 
T0  
(°C) 
Tc 
 (°C) 
T∞  
(°C) 
ΔHc  
(J/g) 
%Branch 
(mol) 
BPET B-2 
5 205.3 200.4 172.8 40.14 0.10 
10 202.6 197.3 179.2 36.95 0.10 
20 196.2 187.8 164.7 36.85 0.10 
50 184.8 169.5 141.5 30.82 0.10 
BPET B-3 
5 200.7 190.2 166.5 36.70 0.25 
10 194.9 181.7 157.6 35.14 0.25 
20 190.3 172.2 146.0 33.85 0.25 
50 179.8 150.5 108.3 20.24 0.25 
BPET B-4 
5 196.8 184.2 159.2 30.72 0.50 
10 193.2 177.6 156.3 26.52 0.50 
20 185.3 161.2 128.7 24.25 0.50 
50 176.3 145.5 109.2 6.17 0.50 
BPET B-5 
5 199.7 192.0 163.3 31.18 1.00 
10 196.7 188.4 160.8 31.42 1.00 
20 191.1 179.9 153.8 30.52 1.00 
50 179.2 160.4 125.6 27.18 1.00 
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The crystallization exotherms for BPET B-6 through B-9 at various cooling rates 
are shown in Figure 3-7.  The parameters obtained from the DSC for BPET B-6 to B-9 at 
the various cooling rates are shown in Table 3-4.  The branching agent used in these 
samples was TMLA.  The values of T0 and Tc of sample BPET B-6 (0.10 mol%) were 
higher than that of LPET B-1 at all cooling rates.  The same observation was made with 
sample BPET B-2.  BPET B-2 had the equivalent amount of branching agent but had 
TMA as the branching agent.  Surprisingly sample BPET B-7 (0.25 mol%) had higher 
values of Tc than LPET B-1 and BPET B-6 at all cooling rates.  Samples BPET B-8 (0.50 
mol%) and B-9 (1.00 mol%) had lower values of Tc than LPET B-1 sample with BPET 
B-9 having the lowest values of Tc for any of samples with TMLA as the branching 
agent.  
 
 
Figure 3-6. The crystallization exotherms of (a) BPET B-2, (b) BPET B-3, (c) BPET B-
4, and (d) BPET B-5 at various cooling rates. 
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Figure 3-7. The crystallization exotherms of (a) BPET B-6, (b) BPET B-7, (c) BPET B-
8, and (d) BPET B-9 at various cooling rates. 
 
In general, the BPET samples behaved similar to the LPET as the cooling rate 
was increased.  When the cooling rates were increased from 5 to 50 °C/min the peak 
values of Tc shifted towards lower temperatures and the peaks became broader.  It was 
evident from the non-isothermal crystallization exotherms that the crystallization 
behavior of PET was affected by the type and concentration of branching agent. 
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Table 3-4. DSC data for the TMLA BPET samples (BPET B-6 to B-9) at various cooling 
rates. 
Samples 
Φ  
(°C/min) 
T0  
(°C) 
Tc 
 (°C) 
T∞  
(°C) 
ΔHc  
(J/g) 
%Branch 
(mol) 
BPET B-6 
5 203.5 196.9 169.2 39.94 0.10 
10 199.2 190.6 159.2 40.28 0.10 
20 192.3 179.8 149.3 35.05 0.10 
50 181.3 159.4 125.3 25.43 0.10 
BPET B-7 
5 204.4 199.2 169.9 37.99 0.25 
10 200.4 194.1 163.5 37.66 0.25 
20 195.0 185.4 155.1 37.07 0.25 
50 184.7 167.9 127.8 34.19 0.25 
BPET B-8 
5 198.7 188.8 164.7 31.44 0.50 
10 194.4 182.1 156.9 30.14 0.50 
20 186.7 168.0 135.3 30.02 0.50 
50 177.9 151.4 123.7 10.42 0.50 
BPET B-9 
5 191.3 175.3 145.3 33.10 1.00 
10 186.4 167.6 140.1 33.55 1.00 
20 184.6 160.2 129.0 29.27 1.00 
50 177.3 151.7 127.8 8.67 1.00 
 
It could be inferred that at low levels (0.10 mol%) of both branching agents that 
the BPET crystallized easier (i.e. faster) than the LPET.  Moderately branched PET 
(0.25-0.50 mol%) with TMA appeared to retard the crystallization ability of the PET.  
However, at 0.25 mol% of TMLA the crystallization rate appeared to be faster than at 
0.10 mol% of TMLA.  The crystallization ability of the PET was retarded at 0.50 mol% 
of TMLA.  At higher levels of branching with TMA (1.00 mol%) the ability to retard the 
crystallization of PET at all of the cooling rates was not nearly as efficient as the 
moderate levels of branching were.  However, the crystallization ability of PET was 
retarded at high levels of branching (1.00 mol%) with TMLA as the branching agent. 
 
 
59 
 
3.4 Non-isothermal Crystallization Kinetics 
 
 The relative degree of crystallinity (or fractional crystallization) as a function of 
time Xt was obtained from the non-isothermal crystallization exotherms of the LPET and 
BPET samples.  The relative degree of crystallinity Xt is required to perform the kinetic 
analysis.  The relative degree of crystallinity for the LPET samples at various cooling 
rates are shown in Figure 3-8.  The relative degree of crystallinity as a function of time Xt 
for the TMA and TMLA BPET samples at various cooling rates are shown in Figure 3-9 
and Figure 3-10, respectively. The LPET A-1 only had curves for cooling rates of 5, 10, 
and 20 °C/min.  At 50 °C/min, the cooling rate was great enough to quench the sample 
and prevent any crystallization.  The crystallization curves relative to time have a 
sigmoidal shape.  The sigmoidal shape suggests a lagging effect of the cooling rate 
relative to the crystallization process [60].  This shape is characteristic of the phase 
transformation process obtained from the non-isothermal crystallization of polymers such 
as PET, poly(methylene terephthalate) (PMT), poly(propylene terephthalate) (PPT), and 
poly(butylene terephthalate) (PBT) [15].   
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Figure 3-8. Graphs of Xt versus time for (a) LPET A-1 and (b) LPET B-1 at various 
cooling rates. 
 
The crystallization process in polymers starts at very low rates.  That is why the 
curves are relatively flat at the start of the crystallization process.  This is attributed to the 
initial nucleation step [15].  As the time increases the slope of the curve changes 
indicating an increase in the crystallization rate.  The increase in the crystallization rate 
occurs during the bulk crystallization process and gradually slows down as the amount of 
amorphous polymer chains available for crystallization decrease.  Polymers are a mixture 
of different size chains or weight fractions.  Because of this the characteristic sigmoidal 
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shape was found in the observed crystallization curves for both the LPET and BPET 
samples. 
 
 
Figure 3-9. Graphs of Xt versus time for (a) BPET B-2, (b) BPET B-3, (c) BPET B-4, 
and (d) BPET B-5 at various cooling rates. 
 
The linear PET samples show similar shaped crystallization curves for the 
different cooling rates.  This would suggest that the crystallization mechanisms are 
similar but the variations could be caused from the differences in nucleation and growth 
rates.  Similar shaped curves have been reported for PET and other polymers under non-
isothermal conditions [15].    All of the TMA BPET samples have the characteristic 
sigmoidal shape, similar to the LPET samples.  Samples of BPET samples have been 
reported to have similar shapes [20, 30, 31, 92].  
62 
 
The non-isothermal crystallization half-times, t1/2, were obtained for each of the 
cooling rates of the LPET and BPET samples as shown in Table 3-5.  The t1/2 is the time 
in which the polymer achieves 50% relative crystallinity of the total crystallinity 
measured.  The t1/2 is useful because it is used to characterize the overall crystallization 
rate of the polymer.  Low values of t1/2 predict faster crystallization rates, where high 
values of t1/2 predict slower crystallization rates. 
 
  
Figure 3-10. Graphs of Xt versus time for (a) BPET B-6, (b) BPET B-7, (c) BPET B-8, 
and (d) BPET B-9 at various cooling rates. 
 
In general, the value of t1/2 decreased as the cooling rate was increased.  This was 
to be expected because at higher cooling rates there is less time for the PET to complete 
63 
 
the crystallization process.  Overall, the t1/2 values for LPET B-1 were lower than LPET 
A-1 for most cooling rates.  In general, this is in agreement with the observations made 
with the values of Tc at the various cooling rates.  The values of Tc for LPET B-1 were 
shifted towards higher temperatures in comparison to LPET A-1, which means that LPET 
B-1 crystallized faster than LPET A-1.  The values of t1/2 supported this observation. 
The non-isothermal crystallization half-times, t1/2, were obtained for each of the 
cooling rates of the TMA BPET samples shown in Figure 3-9.  The values of t1/2 for 
BPET B-2 to B-5 decreased when the cooling rate was increased.  The TMA BPET 
sample with the lowest t1/2 values was BPET B-2 (0.10 mol%).  When compared against 
the LPET samples and the other BPET samples, BPET B-2 had the lowest t1/2 values.  
This signifies that the addition of a low level of TMA enhanced the crystallization rate of 
PET.  This is contrary to Papageorgiou et al. [20]. However, when moderate levels (0.25 
and 0.50 mol%) of TMA were used in BPET B-3 and B-4 the crystallization rate was 
retarded in comparison to the LPET.  The t1/2 values for BPET B-3 and B-4 were similar, 
but BPET B-4 had the highest values of t1/2.  At high levels of TMA (1.00 mol%), BPET 
B-5 had values of t1/2 lower than the LPET.  At the lowest (0.10 mol%) and highest (1.00 
mol%) levels of TMA the crystallization rate of PET was enhanced.  However, at 
moderate levels of the TMA branching agent the crystallization rate of the PET appeared 
to be retarded. 
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Table 3-5. The values of t1/2 for the LPET and BPET samples at various cooling rates. 
Samples 
t1/2 (min) 
Branching 
Agent 
%Branch 
(mol) 
Φ = 5 
(°C/min) 
Φ = 10 
(°C/min) 
Φ = 20 
(°C/min) 
Φ = 50 
(°C/min) 
LPET A-1 1.90 1.52 1.10   0 
LPET B-1 1.98 1.10 0.67 0.38  0 
BPET B-2 1.04 0.56 0.44 0.31 TMA 0.10 
BPET B-3 2.23 1.22 0.88 0.56 TMA 0.25 
BPET B-4 2.56 1.50 1.15 0.55 TMA 0.50 
BPET B-5 1.61 0.86 0.58 0.37 TMA 1.00 
BPET B-6 1.41 0.85 0.63 0.43 TMLA 0.10 
BPET B-7 1.16 0.72 0.63 0.33 TMLA 0.25 
BPET B-8 2.08 1.17 0.87 0.49 TMLA 0.50 
BPET B-9 3.24 1.76 1.10 0.48 TMLA 1.00 
 
The values of t1/2 for the TMLA BPET samples (BPET B-6 to B-9) also decreased 
when the cooling rate was increased.  The crystallization rate of the PET was enhanced 
with low amounts (0.10 mol%) of the TMLA branching agent, similar to the TMA BPET.  
However, the crystallization rate was further enhanced at moderate amounts (0.25 mol%) 
of the TMLA branching agent, which was opposite to what was seen with the TMA 
BPET.  The t1/2 values for TMLA BPET at 0.25 mol% (BPET B-7) were lower than the 
t1/2 values at 0.10 mol% (BPET B-6).  At 0.50 mol% TMLA (BPET B-8) the t1/2 values 
were lower than the LPET, which means the crystallization rate was retarded.  The 
crystallization rate continued to slow down at high amounts (1.00 mol%) of the TMLA 
branching agent, as observed with the t1/2 values of BPET B-9.   
 The value of t1/2 for the LPET and BPET samples decreased as the cooling rate 
increased from 5 to 50 °C/min.  The following observations were made from the 
measured t1/2 values at the various cooling rates for the BPET samples.  The 
crystallization rate of PET was enhanced at low levels of branching (0.10 mol%) with 
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both branching agents, TMA and TMLA.  At 0.25 mol%, the crystallization rate of PET 
was retarded with TMA, but was enhanced with TMLA as the branching agent.  The 
crystallization rate of PET was retarded with TMA and TMLA at 0.50 mol%.  At high 
levels of branching (1.00 mol%) the crystallization rate of PET was retarded with TMLA, 
but was enhanced with TMA when compared to the LPET.  BPET B-2 (0.10 mol% 
TMA) had the lowest values of t1/2 at all cooling rates.  BPET B-9 (1.00 mol% TMLA) 
had the highest values of t1/2 at low cooling rates (5 and 10 °C/min), but BPET B-4 had 
the highest values of t1/2 at high cooling rates (20 and 50 °C/min). 
 The values of t1/2 provided insight into the overall crystallization rate of the LPET 
and BPET polymers.  To truly quantitatively understand the evolution of the non-
isothermal crystallization kinetics of the LPET and BPET polymers the Jeziorny-
modified Avrami model, the Ozawa model, and the Mo model were employed to better 
describe the non-isothermal crystallization kinetics of BPET. 
 
3.4.1 Jeziorny-modified Avrami Model 
 
The Jeziorny-modified Avrami model was adopted to analyze the non-isothermal 
crystallization process of the linear and branched PETs.  The Jeziorny-modified Avrami 
model kinetic parameters for the LPET and BPETs were obtained.  The Jeziorny-
modified Avrami plots of log[− ln(1 − 𝑋𝑡)]  versus log(𝑡) of LPET A-1 and B-1 are 
shown in Figure 3-11.  The Jeziorny-modified Avrami plots for the non-isothermal 
crystallization of the TMA and TMLA BPETs are shown in Figures 3-12 and 3-13, 
respectively. 
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Figure 3-11. Graphs of 𝑙𝑜𝑔[− 𝑙𝑛(1 − 𝑋𝑡)]  versus 𝑙𝑜𝑔(𝑡) for the non-isothermal 
crystallization of (a) LPET A-1 and (b) LPET B-1 at various cooling rates. 
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Figure 3-12. Graphs of 𝑙𝑜𝑔[− 𝑙𝑛(1 − 𝑋𝑡)]  versus 𝑙𝑜𝑔(𝑡) for the non-isothermal 
crystallization of (a) BPET B-2, (b) BPET B-3, (c) BPET B-4, and (d) BPET B-5 at 
various cooling rates. 
 
The Jeziorny-modified Avrami plots should yield straight lines and the values of 
the Avrami exponent n and the crystallization rate constant Zc were determined from the 
slope and intercept, respectively.  Linearity is observed and maintained at cooling rates of 
20 and 50 °C/min for the LPET and BPET samples.  However, at slower cooling rates of 
5 and 10 °C/min the Jeziorny-modified Avrami model deviates at the latter stages of 
crystallization for some of the samples.  This was evident with LPET B-1 and also 
evident for most of the TMA and TMLA BPET samples (BPET B-2, B-3, B-6, B-7, and 
B-8).  This means that the Jeziorny-modified Avrami analysis did not describe the non-
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isothermal crystallization kinetics of those samples at the lower cooling rates of 5 and 10 
°C/min.  The deviation in linearity at latter stages of crystallization is often attributed to 
the presence of a secondary crystallization mechanism caused by slower crystallization 
and perfection of the crystals [55, 81].  The Jeziorny-modified Avrami analysis was only 
valid for the primary crystallization process that occurred in the early stages of 
crystallization [81].  Therefore, for the values of n and Zc obtained at each cooling rate of 
the LPET and BPET samples were estimated from the slope and intercept of the primary 
crystallization process. 
 
 
Figure 3-13. Graphs of 𝑙𝑜𝑔[− 𝑙𝑛(1 − 𝑋𝑡)]  versus 𝑙𝑜𝑔(𝑡) for the non-isothermal 
crystallization of (a) BPET B-6, (b) BPET B-7, (c) BPET B-8, and (d) BPET B-9 at 
various cooling rates. 
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The values of n were obtained for each of the LPET samples.  The results for n 
are shown in Table 3-6.  The values of n for the LPET samples were from 2.35 to 2.67 
(depending on the cooling rate) with an average value of approximately 2.50.  Generally, 
values of n between 2 and 3 of suggest a two-dimensional plate-like growth mechanism 
[102].  It was clear that the value of n is very much dependent upon the cooling rate used.  
In general, the value of n should increase with the cooling rate [59]. 
Comparing the values of n obtained in this study to other previously obtained 
vales reported in literature was useful.  Jeziorny reported values of n for LPET from 2.35 
to 2.65 at cooling rates of 8.5, 12, and 17 °C/min [59].  Phillips and Manson reported 
values of n from 3.10 to 3.80 at cooling rates of 3, 10, and 50 °C/min for LPET [86].  Lee 
et al. reported values of n from 2.8 to 3.4 at cooling rates of 2, 5, 10, and 20 °C/min [81].  
Li et al. reported values of n from 3.50 to 3.60 for LPET at cooling rates of 5, 10, and 15 
°C/min [31].  The values of n obtained in this study for LPET were similar to those 
obtained by Jeziorny.  Based on the values of n, Jeziorny concluded that the non-
isothermal crystallization of PET was two-dimensional lamellar type crystallites [59].  
Caution should be used when comparing previous results because catalyst remnants and 
molecular weight are known to influence the crystallization rate of PET.  It is possible 
that the catalyst remnants could act as nuclei and influence the type of crystallization and 
growth mechanism observed.  The molecular weight, if not held approximately constant, 
can also influence the crystallization rate of PET.  That could explain why some values of 
n for linear PET are >3.  From the values of n obtained for the LPET samples, LPET A-1 
and LPET B-1, the non-isothermal crystallization during primary crystallization followed 
a two-dimensional plate-like growth mechanism. 
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Table 3-6. The values of n for the LPET and BPET samples at various cooling rates. 
Samples 
n 
Branching 
Agent 
%Branch 
(mol) 
Φ = 5 
(°C/min) 
Φ = 10 
(°C/min) 
Φ = 20 
(°C/min) 
Φ = 50 
(°C/min) 
LPET A-1 2.67 2.57 2.49   0 
LPET B-1 2.35 2.40 2.60 2.55  0 
BPET B-2 2.56 2.49 2.44 2.51 TMA 0.10 
BPET B-3 2.42 2.72 2.61 2.50 TMA 0.25 
BPET B-4 2.53 2.67 2.56 2.52 TMA 0.50 
BPET B-5 2.29 2.42 2.49 2.45 TMA 1.00 
BPET B-6 2.25 2.49 2.56 2.47 TMLA 0.10 
BPET B-7 2.22 2.41 2.33 2.50 TMLA 0.25 
BPET B-8 2.42 2.62 2.62 2.60 TMLA 0.50 
BPET B-9 2.60 2.60 2.66 2.64 TMLA 1.00 
 
The values of n were obtained for each of the BPET samples and are shown in 
Table 3-6.  The values of n for the TMA BPET ranged from 2.29 to 2.72 and the values 
of n for the TMLA BPET ranged from 2.22 to 2.66.  The BPET values of n did not 
always increase with the cooling rate. There are few, if any, reports of the values of n for 
BPET in the literature that used the same branching agents, branching concentration, and 
non-isothermal cooling rates used in this study.  Li et al. did report values of n between 
3.0 and 3.6 for BPET with glycerol at cooling rates of 5, 10, and 15 °C/min [31].  The 
non-isothermal crystallization of the TMA and TMLA BPETs followed a two-
dimensional plate-like growth mechanism like the LPET did.  Therefore, the 
incorporation of TMA and TMLA at levels used in this study did not greatly influence 
the nucleation and growth mechanism of the primary crystallization of PET.  However, 
this was only taking in to account primary crystallization.  Also, if larger concentrations 
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of TMA and TMLA were used, it is possible that the branching agents would affect the 
nucleation and growth mechanism for PET.  
The values of Zc were obtained for the LPET and BPET samples and the results 
are shown in Table 3-7.  The values of Zc for the LPET A-1 and LPET B-1 ranged from 
0.666 to 1.044 min-1.  The TMA BPET samples (BPET B-2 to B-5) had values of Zc from 
0.578 to 1.115 min-1.  The values of Zc for the TMLA BPET were from 0.507 to 1.066 
min-1.  In general, the value of Zc increased with increasing cooling rate.   It was observed 
with the t1/2 values that BPET B-2 and B-5 had enhanced crystallization rates and that is 
also observed with the values of Zc.  The values of Zc for BPET B-6 and B-7 were higher 
than BPET B-1.  This means that the crystallization rate was also enhanced for these 
samples, which is in agreement with the t1/2 results.  The values of Zc for BPET B-3 and 
B-4 were lower than the values of LPET B-1 at all cooling rates.  This means that the 
non-isothermal crystallization rate was retarded for BPET B-3 and B-4.  The Zc values for 
BPET B-8 and B-9 were also lower than the values for LPET B-1.  This was in 
agreement with the results of t1/2 for BPET B-3, B-4, B-8 and B-9.   
 The non-isothermal crystallization of the BPET was described with the Jeziorny-
modified Avrami kinetic model, but only at the higher cooling rates of 20 and 50 °C/min 
and only for the primary crystallization process.  The effect of a secondary crystallization 
mechanism was observed at lower cooling rates (5 ad 10 °C/min) and the model was not 
designed to account for secondary crystallization. The results for the primary 
crystallization of BPET showed that the crystallization rate was enhanced at 0.10 and 
1.00 mol% of the TMA BPET.  The crystallization rate was also enhanced at 0.10 and 
0.25 mol% of the TMLA BPET.  However, 0.25 and 0.50 mol% of TMA retarded the 
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crystallization rate of PET.  The crystallization rate of PET was also retarded with 0.50 
and 1.00 mol% of TMLA.  This was in agreement with other results for the non-
isothermal crystallization rate of BPET where small degrees of branching enhanced the 
crystallization rate of PET, but larger concentrations retarded it [30-32].  This was 
contrary to the results of Papageorgiou et al. that observed that increasing levels of 
branching will retard the non-isothermal crystallization rate of PET [20].  
 
Table 3-7. The values of Zc for the LPET and BPET samples at various cooling rates. 
Samples 
Zc (min-1) 
Branching 
Agent 
%Branch 
(mol) 
Φ = 5 
(°C/min) 
Φ = 10 
(°C/min) 
Φ = 20 
(°C/min) 
Φ = 50 
(°C/min) 
LPET A-1 0.666 0.868 0.966   0 
LPET B-1 0.677 0.943 1.035 1.044  0 
BPET B-2 0.914 1.115 1.087 1.057 TMA 0.10 
BPET B-3 0.630 0.918 1.001 1.022 TMA 0.25 
BPET B-4 0.578 0.869 0.966 1.024 TMA 0.50 
BPET B-5 0.746 0.997 1.050 1.042 TMA 1.00 
BPET B-6 0.795 1.003 1.043 1.036 TMLA 0.10 
BPET B-7 0.871 1.045 1.066 1.049 TMLA 0.25 
BPET B-8 0.652 0.928 1.001 1.032 TMLA 0.50 
BPET B-9 0.507 0.836 0.972 1.033 TMLA 1.00 
 
3.4.2 Ozawa Model 
 
The Ozawa model was adopted to analyze the non-isothermal crystallization 
process of the linear and branched PETs.  The Ozawa plots of log[− ln(1 − 𝑋t)] versus 
log(𝛷) of LPET A-1 and LPET B-1 are shown in Figure 3-14.  The Ozawa plots for the 
non-isothermal crystallization of the TMA and TMLA BPETs are shown in Figures 3-15 
and 3-16, respectively.  A plot of log[− ln(1 − 𝑋t)] versus log(𝛷) should yield a straight 
line, and the Ozawa exponent m and the cooling crystallization function 𝜑 can be 
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obtained from the slope and intercept.  The Ozawa exponent m is similar to the Avrami 
exponent n in which it is dependent on the nucleation and crystalline growth mechanism 
[18, 61].  The cooling crystallization function is related to the overall crystallization rate 
and indicates how fast the crystallization process occurred [20].     
 
 
Figure 3-14. Graphs of 𝑙𝑜𝑔[− 𝑙𝑛(1 − 𝑋𝑡)] versus 𝑙𝑜𝑔(𝛷) for the non-isothermal 
crystallization of (a) LPET A-1 and (b) LPET B-1 at various crystallization temperatures. 
 
74 
 
 The Ozawa curves for the LPET and BPET samples do not match a linear model.  
This indicated that the non-isothermal crystallization of LPET and BPET did not follow 
the Ozawa model.  The failure of the Ozawa model to adequately describe the non-
isothermal crystallization kinetics of the LPET and BPET was attributed to the model 
neglecting secondary crystallization and the dependence of lamellar thickness on 
crystallization temperature [18, 103].  If a polymer has more than one crystallization 
processes occurring (i.e. secondary crystallization) then the Ozawa kinetic model cannot 
be applied to that polymer.  It was observed with the Jeziorny-modified Avrami model 
that secondary crystallization occurred and the Ozawa plots confirmed this because of the 
non-linear fit of the plots.  The Ozawa model was unable to accurately describe the non-
isothermal crystallization of the TMA and TMLA BPETs at all cooling rates.  Therefore, 
the Ozawa kinetic parameters m and 𝜑 were not obtained. 
 
 
Figure 3-15. Graphs of 𝑙𝑜𝑔[− 𝑙𝑛(1 − 𝑋𝑡)] versus 𝑙𝑜𝑔(𝛷) for the non-isothermal 
crystallization of (a) BPET B-2, (b) BPET B-3, (c) BPET B-4, and (d) BPET B-5 at 
various crystallization temperatures. 
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Figure 3-16. Graphs of 𝑙𝑜𝑔[− 𝑙𝑛(1 − 𝑋𝑡)] versus 𝑙𝑜𝑔(𝛷) for the non-isothermal 
crystallization of (a) BPET B-6, (b) BPET B-7, (c) BPET B-8, and (d) BPET B-9 at 
various crystallization temperatures. 
 
3.4.3 Mo Model 
 
The Mo model was adopted to analyze the non-isothermal crystallization process 
of the LPET and BPETs.  The Mo model kinetic parameters for the LPET and BPETs 
were obtained.  The Mo plots of log(𝛷) versus log(𝑡) of LPET A-1 and LPET B-1, are 
shown in Figure 3-17.  The Mo plots for the non-isothermal crystallization of the TMA 
and TMLA BPETs are shown in Figures 3-18 and 3-19, respectively. 
The Mo plots should yield straight lines when plotting log(𝛷) versus log(𝑡).  The 
values of F(T) and a were obtained from the intercept and slope, respectively.  The ratio 
of the Avrami exponent n and Ozawa exponent m is defined by a = n/m.  This value of 
cooling rate F(T) = [K(T)/Zt]
1/m has to be chosen at a unit crystallization time when the 
measured system possesses a certain degree of crystallinity [62].  Low values of F(T) 
mean that the crystallization rate was enhanced and high values of F(T) mean that the 
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crystallization rate was retarded.  A linear relationship was observed and maintained for 
the LPET and BPET samples.  The values of F(T) and a obtained are tabulated in Table 
3-8 and Table 3-9, respectively.  With the increase in Xt the values of F(T) increased, 
however the values of a changed slightly.  This indicated that a higher cooling rate should 
be used to obtain higher Xt values [55, 60]. 
 
 
Figure 3-17. Graphs of 𝑙𝑜𝑔(𝛷) versus 𝑙𝑜𝑔(𝑡) for the non-isothermal crystallization of 
(a) LPET A-1 and (b) LPET B-1 at various degrees of crystallinity. 
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The values of a for the LPET A-1 and LPET B-1 were from 2.56 to 3.01 and 1.16 
to 1.44, respectively.  The variation in a was small for both LPET samples, which 
indicated that the Mo model adequately described the non-isothermal crystallization 
process for the LPET samples.  The variation in the values of a for the TMA and TMLA 
BPET samples were also very low which indicated that the Mo model described the non-
isothermal crystallization process well for all the BPET samples. 
The values of F(T) for the LPET A-1 and LPET B-1 were from 4.05 to 122.6 and 
4.00 to 23.74, respectively.  The values for LPET A-1 were significantly higher than 
those of LPET B-1 as Xt increased.  From the t1/2 values, the LPET A-1 and LPET B-1 
were comparable up to a cooling rate of 50 °C/min.  This is most likely attributed to 
LPET A-1 not having data available for 50 °C/min cooling rate.  The values of F(T) for 
the TMA and TMLA BPET samples were compared against LPET B-1 only. 
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Figure 3-18. Graphs of 𝑙𝑜𝑔(𝛷) versus 𝑙𝑜𝑔(𝑡) for the non-isothermal crystallization of 
(a) BPET B-2, (b) BPET B-3, (c) BPET B-4, and (d) BPET B-5 at various degrees of 
crystallinity. 
 
The values of F(T) for the TMA BPET ranged from 1.19 to 39.88, depending on 
Xt and branching level.  At the same Xt, the values of F(T) for the TMA BPET and LPET 
B-1 (for comparison) were ranked as BPET B-4 > BPET B-3 > LPET B-1 > BPET B-5 > 
BPET B-2.  This meant that for the same Xt, the non-isothermal crystallization rate of 
BPET B-2 (0.10 mol%) and B-5 (1.00 mol%) were enhanced when compared to the 
LPET.  Alternatively, this meant that the non-isothermal crystallization rate for BPET B-
4 (0.50 mol%) and B-3 (0.25 mol%)were retarded when compared to the LPET.  The 
results for F(T) were consistent with what was observed with the t1/2 values and the 
values of Zc, even though the Jeziorny-modified Avrami analysis was limited to the 
primary crystallization and to higher cooling rates (20 and 50 °C/min). 
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The values of F(T) for the TMLA BPET samples ranged from 1.23 to 33.99, 
depending on Xt and branching level.  At the same Xt, values of F(T) for the TMLA 
BPET and LPET B-1 (for comparison) were ranked as BPET B-9 > BPET B-8 > LPET 
B-1 > BPET B-6 > BPET B-7.  The non-isothermal crystallization rate of BPET B-6 
(0.10 mol%) and B-7 (0.25 mol%) were enhanced.  However, the non-isothermal 
crystallization rate for BPET B-8 (0.50 mol%) and B-9 (1.00 mol%) were retarded.  The 
results for F(T) were consistent with what was observed with the t1/2 values and the 
values of Zc for the TMLA BPET. 
 
 
Figure 3-19. Graphs of 𝑙𝑜𝑔(𝛷) versus 𝑙𝑜𝑔(𝑡) for the non-isothermal crystallization of 
(a) BPET B-6, (b) BPET B-7, (c) BPET B-8, and (d) BPET B-9 at various degrees of 
crystallinity. 
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Table 3-8. The values of a for the LPET and BPET samples at various degrees of 
crystallinity. 
 Samples 
a = n/m Branching 
Agent 
%Branch 
(mol) Xt = 10 Xt = 30 Xt = 50 Xt = 70 Xt = 90 
LPET A-1 2.56 2.67 2.80 2.92 3.01  0 
LPET B-1 1.43 1.44 1.39 1.31 1.16  0 
BPET B-2 1.81 1.88 1.88 1.85 1.76 TMA 0.10 
BPET B-3 1.67 1.68 1.68 1.63 1.52 TMA 0.25 
BPET B-4 1.50 1.54 1.53 1.53 1.48 TMA 0.50 
BPET B-5 1.62 1.59 1.57 1.55 1.49 TMA 1.00 
BPET B-6 2.03 1.97 1.94 1.85 1.66 TMLA 0.10 
BPET B-7 1.94 1.91 1.84 1.75 1.58 TMLA 0.25 
BPET B-8 1.63 1.64 1.62 1.57 1.47 TMLA 0.50 
BPET B-9 1.21 1.23 1.22 1.21 1.19 TMLA 1.00 
 
Table 3-9. The values of F(T) for the LPET and BPET samples at various degrees of 
crystallinity. 
 Samples 
F(T) Branching 
Agent 
%Branch 
(%mol) Xt = 10 Xt = 30 Xt = 50 Xt = 70 Xt = 90 
LPET A-1 4.05 14.65 30.85 58.64 122.6  0 
LPET B-1 4.00 8.21 12.14 16.80 23.74  0 
BPET B-2 1.19 2.73 4.53 7.06 11.92 TMA 0.10 
BPET B-3 4.77 10.88 16.90 23.78 33.25 TMA 0.25 
BPET B-4 6.78 14.14 21.03 28.77 39.88 TMA 0.50 
BPET B-5 2.63 6.06 9.37 13.42 20.26 TMA 1.00 
BPET B-6 1.74 5.01 8.69 13.54 21.68 TMLA 0.10 
BPET B-7 1.23 3.40 6.01 9.66 16.38 TMLA 0.25 
BPET B-8 4.42 9.88 15.17 21.03 29.07 TMLA 0.50 
BPET B-9 8.49 15.32 20.88 26.54 33.99 TMLA 1.00 
 
The non-isothermal crystallization of the BPETs were successfully described with 
the Mo method.  The plots of log(𝛷) versus log(𝑡) exhibited good linear correlation, thus 
showing agreement between the experimental results and the theoretical Mo model.  
Non-isothermal crystallization was difficult to describe with one equation because of the 
many parameters involved that need to be accounted for simultaneously.  The advantage 
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of the Mo model in comparison to the Jeziorny-modified Avrami and Ozawa models is 
that the Mo model took into account the cooling rate with temperature, time, and 
morphology [43].  The results showed that the crystallization rate of PET was enhanced 
at 0.10 and 1.00 mol% of TMA.  The crystallization rate was also enhanced at 0.10 and 
0.25 mol% of TMLA.  The non-isothermal crystallization rate of PET was retarded at 
0.25 and 0.50 mol% of TMA.  The crystallization rate of PET was also retarded with 0.50 
and 1.00 mol% of TMLA. 
This was in agreement with other results where small degrees of branching 
enhanced the non-isothermal crystallization rate of PET, but larger concentrations 
retarded the non-isothermal crystallization rate of PET [30-32].  This was contrary to the 
results observed by Papageorgiou et al. when using the methyl ester of TMLA as the 
branching agent [20].  Those results indicated that the non-isothermal crystallization rate 
of PET were reduced with increasing branching agent content.  
 
4. SUMMARY AND CONCLUSIONS 
 
The non-isothermal crystallization behavior and kinetics of PET branched with 
TMA and TMLA were investigated at various cooling rates.  The non-isothermal 
crystallization kinetics were analyzed by several theoretical models to determine which 
model(s) described the kinetics of BPET under dynamic cooling conditions the most 
accurately.  The non-isothermal crystallization behavior and kinetics of PET were 
affected by the kind of branching agent used (TMA or TMLA) and by the amount of the 
respective branching agent used.  The concentration and geometry of the TMA and 
TMLA appeared to influence the non-isothermal crystallization behavior and kinetics of 
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PET.  The effect of catalyst remnants and process conditions also influenced the non-
isothermal crystallization of PET.  Therefore, both synthesis conditions and cooling 
conditions affect crystallization rate.  This is important for industrial PET film processes 
because there is a need to understand how the material and processes interact. 
The Jeziorny-modified Avrami model, the Ozawa model, and the Mo model were 
applied to study the effects of the branching agent concentration and geometry on the 
non-isothermal crystallization kinetics of PET.  The Jeziorny-modified Avrami model 
and the Ozawa model failed to completely describe the non-isothermal crystallization of 
BPET.  The failure of the Jeziorny-modified Avrami model and Ozawa model was 
attributed to the models neglecting the effects of secondary crystallization.  The Mo 
model was successful in characterizing the non-isothermal crystallization kinetics of the 
TMA and TMLA BPET because the Mo model took into account the cooling rate with 
temperature, time, and morphology.   
The concentration and geometry of the branching agents used did affect the non-
isothermal crystallization behavior of PET.  Equivalent amounts of the TMA and TMLA 
branching agents produced different results in terms of non-isothermal crystallization 
behavior.  A systematic decrease in crystallization peak temperatures Tc with increasing 
branching agent concentration was not observed with the introduction of TMA and 
TMLA into PET.  Because the molecular weight of the TMA and TMLA BPET samples 
at equivalent concentrations were approximately equal, it is unlikely that the molecular 
weight influenced the non-isothermal crystallization behavior.  In addition, the amount of 
catalyst was constant for the TMA and TMLA BPET samples, so it was unlikely that the 
catalyst remnants influenced the non-isothermal crystallization behavior. Rheological 
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measurements showed that the branching levels at equivalent concentrations of TMA and 
TMLA were approximately equal.  Therefore, it is speculated that the planar nature of 
TMA and non-planar nature of TMLA played a role in the non-isothermal crystallization 
behavior and kinetics of PET. 
The non-isothermal crystallization kinetics of PET varied with the varying 
concentrations of TMA and TMLA.  The introduction of TMA at 0.10 and 1.00 mol% 
enhanced the non-isothermal crystallization rate of PET.  The non-isothermal 
crystallization rate of PET was also enhanced with the introduction of TMLA at 0.10 and 
0.25 mol%.  However, the non-isothermal crystallization rate of PET was retarded with 
the introduction of TMA at 0.25 and 0.50 mol% and with the introduction of TMLA at 
0.50 and 1.00 mol%.  The non-isothermal crystallization rates for TMA ranked BPET B-
2 (0.10 mol%) > BPET B-5 (1.00 mol%) > LPET B-1 (0 mol%) > BPET B-3 (0.25 
mol%) > BPET B-4 (0.50 mol%).  The non-isothermal crystallization rates for TMLA 
ranked BPET B-7 (0.25 mol%) > BPET B-6 (0.10 mol%) > LPET B-1 (0 mol%) > BPET 
B-8 (0.50 mol%) > BPET B-9 (1.00 mol%).  The fastest non-isothermal crystallization 
rate for PET was observed with TMA at 0.10 mol%.  The slowest non-isothermal 
crystallization rate for PET was observed with TMLA at 1.00 mol%. 
The low degree of branching at 0.10 mol% for TMA and TMLA could have 
provided more free volume and fewer intermolecular interactions.  Others have 
concluded that low degrees of branching could decrease the chain folding energy making 
it easier for the polymer chains to crystallize [31].  Higher degrees of branching did not 
necessarily mean that the non-isothermal crystallization rate of PET was inhibited as was 
the case with TMA BPET at 1.00 mol%.  When the non-isothermal crystallization rate of 
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PET was inhibited it was most likely caused by the polymer chain motion being 
restricted.  The chain folding energy barrier would have increased which would have 
retarded the polymer chain mobility causing the crystallization rate to be retarded as well.  
It is theorized that at very low concentrations of the branching agents, regardless of 
geometry, that the branching agents acted as nucleating agents facilitating the increase in 
the non-isothermal crystallization of PET.  At certain concentrations, the geometry of the 
branching agents (planar versus non-planar) appeared to influence the propensity of PET 
to crystallize faster or slower.  It is theorized that the presence of different branching 
agent conformations resulted in different branched architectures that influenced the non-
isothermal crystallization behavior and kinetics of PET.  The different branched 
architecture from the planar TMA and non-planar TMLA could have increased the chain 
folding energy making it harder for the PET to crystallize.  Further experimentation and 
investigations are required to confirm these hypotheses.  
 
5. RECOMMENDATIONS FOR FUTURE WORK 
 
5.1 Degree of Branching 
 
In this study the samples were analyzed by melt rheology to examine the onset of 
shear thinning behavior.  Melt rheology was also used to verify that the BPETs at the 
same branching content of TMA and TMLA were equivalently branched.  However, it 
would have been useful to obtain the degree of branching (g) for the TMA and TMLA 
BPET samples by quantifying the branching index values (g’).  Branched polymers have 
higher segment densities than linear polymers and occupy a smaller hydrodynamic 
volume than linear polymers of equivalent molecular weight [2, 106].  The value of g’ is 
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the ratio of a branched polymer’s intrinsic viscosity to that of a linear polymer of 
equivalent molecular weight.  The value of g’ provides information on the size of the 
polymer.  The value of g’ for a linear polymer is 1.0 and g’ decreases from 1.0 as the 
degree of branching increases [2, 106].   The degree of branching would have been useful 
for determining how efficient TMA and TMLA were at branching the PET.  In addition, 
the value of g’ can be used for determining if the TMA and TMLA BPETs were branched 
equivalently at the same branching content.  This could provide more insight into whether 
concentration or geometry were dominating factors for the non-isothermal crystallization 
of PET.  It is recommended to measure g’ for all future experimentations. 
 
5.2  Crystallization Morphologies by Optical Microscopy 
 
The morphology of the samples in this study were not examined.  It is 
recommended that in future work that the morphology be examined using a form of 
optical microscopy.  Optical microscopy is a commonly used characterization method for 
investigating the morphology of semi-crystalline polymers.  Visible light is used to probe 
the structures and it can be used to determine structures down to the submicron scale.  
Polarized optical microscopy (POM) is commonly used for the evaluation of PET 
morphology.  POM consists of a typical microscope stage combined with two additional 
polarizing filters [74, 104, 105].  The crystal morphologies of the LPET and BPETs at the 
same non-isothermal crystallization time could be compared against each other to see if 
samples developed different amount of crystallinity and if different crystal morphologies 
were present.  The size and shape of the crystal morphology would be of interest in 
verifying the nucleation and growth mechanisms present. 
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5.3  Crystal Structure by Scattering 
 
 The structure of the crystals formed during the non-isothermal crystallization 
could have helped determine how the geometry of the branching agents influenced the 
crystallization behavior and kinetics.  Examining the three-dimensional crystal structure 
of the BPETs might have elucidated this.  Wide-angle X-ray diffraction (WAXD) is used 
to determine the three-dimensional structure of semi-crystalline polymers like PET.  
WAXD is used to determine the crystallinity, crystal orientation, and crystal size of semi-
crystalline polymers [104].  The crystal orientation and size of the TMA and TMLA 
BPETs would have been interesting to compare.  Since the non-isothermal crystallization 
behavior was different for equivalent concentrations of the TMA and TMLA BPETs the 
crystal structure might have helped determined whether or not different branched 
architectures led to different crystal size or orientation. 
 In addition to WAXD, small-angle X-ray scattering (SAXS) can be used to 
determine morphological parameters of semi-crystalline polymers like the average long 
period, average crystalline lamellar thickness, average interlamellar amorphous layer 
thickness, electron density between two phases and other useful parameters [105].  The 
determination of lamellar thickness and crystal perfection could be obtained with SAXS.  
This information would be useful in assessing if lamellar thickening was occurring during 
the non-isothermal crystallization process at the various cooling rates.  It would also be 
useful in knowing if the crystalline lamellar thickness changed with branching agent 
concentration and if differences were observed for the two different branching agents. 
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5.4 Hoffman-Lauritzen Analysis of Non-isothermal Crystallization  
 
 In this study various models for the non-isothermal crystallization of PET were 
used.  Each had its limitations because of assumptions made when developing the 
models.  The Jeziorny-modified Avrami model and the Ozawa model were limited 
because the models did not take into account crystal growth which is controlled by 
secondary nucleation or crystallization.  The Hoffman-Lauritzen model is a theoretical 
expression that describes the overall crystallization rate which is a combination of 
nucleation and crystal growth.  The expression itself describes the temperature dependent 
linear growth rate of crystals [31].  The Hoffman-Lauritzen theory takes into account the 
contribution of the diffusion process of the polymer segments into the crystal growth rate 
and the thermodynamic driving forces for the nucleation process [107].  Two different 
Hoffman-Lauritzen parameters can be calculated that describe the overall crystallization 
process.  The first parameter is the activation energy that describes the molecular 
diffusion across an interfacial boundary between the polymer melt and crystals.  The 
parameter describes the secondary nucleation constant.  In addition, the free energy of the 
lateral and fold surface can be calculated and the product of the two can be used to 
describe the polymer chain energy of folding.  The Hoffman-Lauritzen model and 
parameters would be useful in describing the non-isothermal crystallization behavior of 
PET in future studies. 
 
5.5 Mapping the Non-Isothermal Crystallization Behavior of BPET for Industry 
 
It was shown that both synthesis conditions and cooling conditions affect the 
crystallization rate of BPET.  The inclusion of a branching agent in PET does not mean it 
will always retard or slow the crystallization rate and depending on the concentration it 
88 
 
may have the opposite effect.  The synthesis of the BPET is an important step that should 
not be overlooked.  Branching agent choice, concentration, and geometry have many 
implications on the crystallization behavior of BPET.  Molecular weight and catalyst 
remnants also affect the crystallization rate of BPET.  For industrial applications of BPET 
it is recommended to map out the branching agent concentration on production reactors 
and production film lines by using a concertation ramp from low levels (0.10 mol%) to 
high levels (1.00 mol%) of branching.  Branching levels exceeding 1.00 mol% should be 
avoided because of processing difficulties.  The cooling rates of importance on a PET 
film line are the ones used when casting the PET film and when orienting or tentering the 
film.  If the cooling rates of these processes are known, the DSC can be a valuable 
instrument in predicting the non-isothermal behavior of BPET on a PET film line. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
89 
 
6. REFERENCES 
 
[1] Klint, D.P.R., Muñoz-Guerra, S., Polym. Int. (2003) 52, p. 321-336 
[2] McKee, M.G., Unal, S., Wilkes, G.L., Long, T.E., Prog. Polym Sci. (2005) 30, p. 
507-539 
[3] Tan, S., Su, A., Li, W., Zhou, E., Polym. Eng. Sci., (2000) 38, p. 53-60 
[4] Chen, T. Jiang, G., Zhang, J., Cryst. Res. Technol., (2014) 49, p. 232-243 
[5] Aoyama, S., Park, Y.T., Ougizawa, T., Macosko, C.W., Polymer, (2014) 55, p. 
2077-2085 
[6] Holdsworth, P.J., Turner-Jones, A., Polymer, (1971) 12, p. 195-208 
[7] Al Raheil, I.A.M., Polym. Int., (1994) 35, p. 189-195 
[8] Piccarolo, S., Brucato, V., Kiflie, Z., Polym. Eng. Sci., (2000) 40, p. 1263-1272 
[9] Lawton, E.L., Polym. Eng. Sci., (1985) 25, p. 348-354 
[10] Pilati, F., Toselli, M., Messori, M., Manzoni, C., Turturro, A., Gattiglia, E.G., 
Polymer, (1997) 38, p. 4469-4476 
[11] Dekoninck, J.M., Legras, R., Mercier, J.P., Polymer, (1989) 30, p. 910-913 
[12] Jiang, X.L., Luo, S.J., Sun, K., Chen X.D., eXPRESS Polym. Lett., (2007) 1, p. 
245-251 
[13] Bian, J., Ye, S.-R., Feng, L.X., J. Polym. Sci, Part B: Polym. Phys., (2003) 41, p. 
2135-2144 
[14] Ye, M., Wang, X., Huang, W., Hu, J., Bu, H., J. Therm. Anal., (1996) 46, 905-920 
[15] Wellen, R.M.R, Canedo, E., Rabello, M.S., J. Mater. Res., (2011) 26, p. 1107-
1115 
[16] Fann, D.-M., Huang, S.K., Lee, J.-Y., Polym. Eng. Sci. (1998) 38, p. 265-272 
90 
 
[17] Jang, J., Oh, J.H., Moon, S.I., Macromolecules, (2000) 33, p. 1864-1870 
[18] Di Lorenzo, M.L., Silvestre, C., Prog. Polym. Sci., (1999) 24, p. 917-950 
[19] Kiflie, Z., Piccarolo, S., Brucato, V., Baltá-Calleja, F.J., Polymer, (2002) 43, p. 
4487-4493 
[20] Papageorgiou, G.Z., Achilias, D.S., Bikiaris, D.N., Karayannidis, G.P., J. Therm. 
Anal., (2006) 84, p. 85-89 
[21] Lu, X.F., Hay, J.N., Polymer, (2001) 42, p. 9423-9431 
[22] De Ilarduya, A.M., Muñoz-Guerra, S., Macromol. Chem. Phys., (2014) 215, p. 
2138-2160 
[23] Tant Martin, R. Culberson Wayne, T., Polym. Eng. Sci., (1993) 33, p. 1152-1156 
[24] Schiraldi, D.A., “New Poly(Ethylene Terephthalate) Copolymers,” in Modern 
Polyesters: Chemistry and Technology of Polyesters and Copolyesters (eds 
Scheirs, J., and Long, T.E.), (2003) John Wiley & Sons, Ltd, Chichester, UK, p. 
246 
[25] Lu, X.F., Hay, J.N., Polymer, (2001) 42, p. 8055-8067 
[26] Salem, D.R., Polym. Eng. Sci., (1999) 39, p. 2419-2430 
[27] Hegemann, B., Kech, A., Goschel, U., Belina, K., Eyerer, P., J. Macromol. Sci., 
Phys., (2002) 41 B, p. 647-656 
[28] Yoon, K.H., Min, B.G., Park, O.O., Polym. Int., (2002) 51, p. 134-149 
[29] Manaresi, P., Munari, A., Pilati, F., Alfonso, G.C., Russo, S., Sartirana M.L., 
Polymer, (1986) 27, p. 955-960 
[30] Li, G., Yang, S.L., Jiang, J.M., Wu, C.X., Polymer, (2005) 46, p. 11142-11148 
91 
 
[31] Li, G., Yang, S., Jiang, J., Jin, J., Wu, C., J. Appl. Polym. Sci., (2008) 110, p. 1649-
1655 
[32] Jayakannan, M., Ramakrishnan, S., J. Appl. Polym. Sci., (1999) 74, p. 59-66 
[33] Aharoni, S.M., “Industrial-Scale Production of Polyesters, Especialy Poly(ethylene 
terephthalate),” in Handbook of Thermoplastic Polyesters: Homopolymers, 
Copolymers, Blends, and Composites (ed Fakirov, S.), (2002) Wiley-VCH Verlag 
GmbH & Co. KGaA, Weinheim, FRG, p. 60-103   
[34] Ravindranath, K., Mashelkar, R.A., Chem. Eng. Sci., (1986) 41, p. 2197-2214 
[35] Shah, T.H., Bhatty, J.I., Gamien, G.A., Dollimore, D., Polymer, (1984) 25, p. 
1333-1336 
[36] Pang, K., Kotek, R. Tonelli, A., Prog. Polym. Sci., (2006) 31, p. 1009-1037 
[37] Rieckmann, TH., Volker, S., “Poly(Ethylene Terephthalate) Polymerization – 
Mechanism, Catalysis, Kinetics, Mass Transfer, and Reactor Design,” in Modern 
Polyesters: Chemistry and Technology of Polyesters and Copolyesters (eds 
Scheirs, J., and Long, T.E.), (2003) John Wiley & Sons, Ltd., Chichester, UK, p. 
30-115 
[38] Hovenkamp, S.G., J. Poly. Sci., Part A: Polym. Chem., (1971) 9, p. 3617-3625 
[39] Ahmadnian, F., “Kinetic and Catalytic Studies of Polyethylene Terephthalate 
Synthesis,” (2008), PhD Thesis, Technical University Berlin 
[40] Zhao, L., Sun, Z., Tatibouë, J., Guo, S., J. Appl. Polym. Sci., (2009) 114, p. 2731-
2739 
[41] Hu, W., Zha, L., “Thermodynamics and Kinetics of Polymer Crystallization,” in 
Polymer Morphology: Principles, Characterization, and Processing (ed Guo, Q.), 
(2016) John Wiley & Sons, Ltd., Hoboken, NJ, p. 242-258 
[42] Turnbull, D., Fisher, J.C., J. Chem. Phys., (1949) 17, p. 71-73 
[43] Dhanvijay, P.U., Shertukde, V.V., Polym. Plast. Technol. Eng., (2011) 50, p. 
1289-1304 
[44] Long, Y., Shanks, R.A., Stachurski, Z.H., Prog. Polym. Sci., (1995) 20, p. 651-701 
92 
 
[45] Jabarin, S.A., J. Appl. Polym. Sci., (1987) 34, p. 85-96 
[46] Wang, Z.-G., Hsiao, B.S., Sauer, B.B., Kampert, W.G., Polymer, (1999) 40, p. 
4615-4627 
[47] Guan, G., Li, C., Yuan X., Xiao, Y., Liu, X., Zhang, D., J. Polym. Sci., Part B: 
Polym. Phys., (2008) 46, p. 2380-2394 
[48] Dangseeyun, N., Srimoaon, P., Supaphol, P., Nithitanakul, M., Thermochim. Acta, 
(2004) 409, p. 63-77 
[49] Jabarin, S.A., Polym. Eng. Sci., (1989) 29, p. 1259-1264 
[50] Kim, S.P., Kim, S.C., Polym. Eng. Sci., (1991) 31, p. 110-115 
[51] Lin, C.C., Polym. Eng. Sci., (1983) 23, p. 113-116 
[52] Chen, Z., Hay, J.N., Jenkins, M.J., Eur. Polym. J., (2013) 49, p. 1722-1730 
[53] Avrami, M., J. Chem. Phys., (1940) 8, p. 212-224 
[54] Avrami, M., J. Chem. Phys., (1940) 7, p. 1103-1112 
[55] Saeed, H.A.M., Eltahir, Y.A., Xia, Y., Yimin, W., Polym. Bull., (2014) 71, p. 595-
612 
[56] Nakamura, K., Watanabe, T., Katayama, K., Amano, T., J. Appl. Polym. Sci., 
(1972) 16, p. 1077-1091 
[57] Nakamura, K., Katayama, K., Amano, T., J. Appl. Polym. Sci., (1973) 17, p. 1031-
1041 
[58] Härth, M., Kaschta, J., Schubert, D.W., Macromolecules, (2014) 47, p. 4471-4478 
[59] Jeziorny, A., Polymer, (1978) 19, p. 1142-1144 
[60] Zhu, Y, Liang, C., Bo, Y., Xu, S., J. Therm. Anal. Calorim., (2015) 119, p. 2005-
2013 
93 
 
[61] Ozawa, T., Polymer, (1971) 27, p. 150-158 
[62] Liu, T., Mo, Z., Wang, S., Zhang, H., Polym. Eng. Sci., (1997) 37, p. 568-575 
[63] Jabarin, S.A., J. Appl. Polym. Sci., (1987) 34, p. 87-102 
[64] Lambrigger, M., Polym. J., (1998) 30, p. 262-264 
[65] Chan, T.W., Isayev, A.I., Polym. Eng. Sci., (1994) 34, p. 461-471 
[66] Garcia, D., J. Polym. Sci., Part B: Polym. Phys., (1984) 22, p. 2063-2072 
[67] Mercier, J.P., J. Polym. Sci., Part B: Polym. Phys., (1990) 30, p. 270-278 
[68] Legras R., Bailey C., Daumerie M., Dekoninck J.M., Mercier J.P., Zichy V., Nield 
E., Polymer, (1984) 25, p. 835-844 
[69] Legras R., Dekoninck J.M., Vanzieleghem A., Mercier J.P., Nield E., Polymer, 
(1986) 27, p. 109-117 
[70] Khanna, Y.P., Kumar, R., Reimschuessel, A.C., Polym. Eng. Sci., (1988) 28, p. 
1612-1615 
[71] Kim, S.P., Kim S.C., Polym. Eng. Sci., (1993) 33, p. 83-91 
[72] Ghasemi, H., Carreau, P.J., Kamal, M.R., Polym. Eng. Sci., (2012) 52, p. 372-384 
[73] Jackson, J.B., Longman, G.W., Polymer, (1969) 10, p. 873-884 
[74] Yu, Y, Bu, H., Macromol, Chem. Phys., (2001) 202, p. 421-425 
[75] Chang, S.-J., Chang, F.-C., Polym. Eng. Sci., (1998) 38, p. 1471-1481 
[76] Tang, S., Xin, Z., Polymer, (2009) 50, p. 1054-1061 
[77] Nadkarni, V.M., Shingankuli, V.L., Jog, J.P., J. Appl. Polym. Sci., (1992) 46, p. 
339-351 
[78] Connor, D.M., Allen, S.D., Collard, D.M., Liotta, C.L., Schiraldi, D.A., J. Appl. 
Polym. Sci., (2001) 80, p. 2696-2704 
94 
 
[79] Shi, Y., Jabarin, S.A., J. Appl. Polym. Sci., (2001) 81, p. 23-37 
[80] Lee, S.W., Lee, B., Ree, M., Macromol, Chem. Phys., (2000) 201, p. 453-463 
[81] Lee, S.W., Ree, M., Park, C.E., Jung, Y.K., Park, C.-S., Jin, Y.S., Bae, D.C., 
Polymer, (1999) 40, p. 7131-7146 
[82] Marchese, P., Celli, A., Fiorini, M., J. Polym. Sci., Part B: Polym. Phys., (2004) 
42, p. 2821-2832 
[83] Porter, R.S., Wang, L.-H., Polymer, (1992) 33, p. 2019-2030 
[84] Lee B., Shin, T.J., Lee, S.W., Yoon, J., Kim, J., Youn, H.S., Ree, M., Polymer, 
(2003) 44, p. 2509-2518 
[85] Ubach, J., De Ilarduya, A.M., Quintana, R., Alla, A., Rude, E., Muñoz-Guerra, S., 
J. Appl. Polym. Sci., (2010) 115, p. 1823-1830 
[86] Phillips, R., Manson, J.-A.E., J. Polym. Sci., Part B: Polym. Phys., (1997) 35, p. 
875-88 
[87] Hudson, N., MacDonald, W.A., Neilson, A., Richards, R.W., Sherrington, D.C., 
Macromolecules, (2000) 33, p. 9255-9261 
[88] Bikiaris, D.N., Karayannidis, G.P., Polym. Int., (2003) 52, 1230-1239 
[89] Rosu, R.F., Shanks, R.A., Bhattacharya, S.N., Polym. Int., (1997) 42, p. 267-275 
[90] Rosu, R.F., Shanks, R.A., Bhattacharya, S.N., Polymer, (1999) 40, p. 5891-5898 
[91] Oh, S.J., Kim, B.C., J. Polym. Sci., Part B: Polym. Phys., (2001) 39, p. 1027-1035 
[92] Li, G., Jiang, J., Jin, J., Yang, S., Wu, C., J. Macromol. Sci. Part B Phys., (2006) 
45 B, p. 639-652 
[93] Hess, C., Hirt, P., Oppermann, W., J. Appl. Polym. Sci., (1999) 74, p. 728-734 
[94] Weisskopf, K., J. Appl. Polym. Sci., (1998) 38, p. 237-244 
95 
 
[95] Sorrentino, L., Iannace, S., Di Maio, E., Acierno, D., J. Polym. Sci., Part B: 
Polym. Phys., (2005) p. 1966-1972 
[96] Hanley, T.L., Forsythe, J.S., Sutton, D., Moad, G., Burford, R.P., Knott, R.B., 
Polm. Int., (2006) 55, p. 1435-1443 
[97] Quintana, R., De Ilarduya, A.M., Guerra, S.M., Fernandez, M., Munoz, M.E., 
Santamaria, A., Macromol. Mater. Eng., (2008) 293, p. 836-846\ 
[98] Markovic, Z., Badjuk, D., Gutman, I., J. Serb. Chem. Soc., (2004) 69, p. 877-882 
[99] Voit, B.I., Lederer, A., Chem. Rev., (2009) 109, p. 5924-5973 
[100] Ren, Y., Wei, Z., Leng, X., Wu, T., Bian, Y., Li, Y., J. Phys. Chem. B., (2016) 
120, p. 4078-4090 
[101] Rosu, R.F., Shanks, R.A., Bhattacharya, S.N., Polym. Int., (2000) 49, p. 203-208 
[102] Meng, Z., Yang, L., Geng, W., Yao, Y., Wang, X., Liu, Y., Scientific World J., 
(2014)  p. 1-7 
[103] Eder, M., Wlochowicz, A., Polymer, (1983) 24, p. 1593-1595 
[104] Hsiao, B.S., Zuo, F., Mao, Y., Schick, C., “Experimental Techniques,” in 
Handbook of Polymer Crystallization (eds Piorkowska, E., Rutledge, G.C.),  
(2013) John Wiley & Sons, Ltd., Hoboken, NJ, p. 1-29 
[105] Baldenegro-Perez, L.A., Navarro-Rodriguez, D., Medellin-Rodriguez, F.J., Hsiao, 
B., Avila-Orta, C.A., Sics, I., Polymers, (2014) 6, p. 583-600 
[106] McKee, M.G., Wilkes, G.L., Colby, R.H., Long, T.E., Macromolecules, (2004) 37, 
p. 1760-1767 
[107] Achilias, D.S., Papageorgiou, G.Z., Karayannidis, G.P., Macromol. Chem. Phys., 
(2005) 206, p. 1511-1519 
96 
 
VITA 
 
 Christopher William August Krohe was born on June 20, 1988 in Barrington, IL 
to Frank and Dorothy Krohe of Crystal Lake, IL.  Chris was raised in Crystal Lake, IL 
where he attended Crystal Lake Central High School.  He graduated Crystal Lake Central 
High School in 2006 and attended the University of Iowa, Iowa City, IA to study 
Chemical Engineering.  He graduated in May of 2010 with a B.S.E. in Chemical 
Engineering and an emphasis in Polymers.  In November of 2010 Chris began working 
for 3M at 3M’s global headquarters in St. Paul, MN.  In 2012, Chris started to pursue a 
M.S. in Polymer Science and Engineering at Lehigh University, Bethlehem, PA part-time 
through Lehigh’s Distance Education program.  Chris received a M.S. in Polymer 
Science and Engineering from Lehigh University in December of 2016. 
